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14.Abstract

The Coxzféﬁgtsr Proceedings contain 32 papers presented at the AGARD Propulsion and
which was held in London, United Kingdom, on 26-29 October 1981,

The Technical Evaluation Report is included at the beginning of the Procesdings. Questions
and answers of the discussions follow each paper.
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The Symposium was arranged into six sessions: Survey Papers {33; Propulsion Sysiems (6};
Inlet Diffusers {53; Interference and Draz Reduction, Engine Testing {33:; Combustion, 1
Fuels, Propeilants {11); and Intezral Booster and Transition (2). A Round Teble Discussian

followed the sessions.

The aim of the Symposium was 1o provide s forum for discussions io research scientists and
development engineers and to furnish a comprehensive survey on modern ramjet and
ramrocket technology and their possibilities in missile propulsion fo application experisin
government and military staffs.

This volumé contains the Unclassified papers, the Classificd papers gte pubushed in CP 307
Supplement. -
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tuelrich grains discussod, two were hydrocarbon fuels and two were boron (uels. Puper 21 discussed direct connect
combustion tests of a solid fuel ramjot consisting of o rearward fucing step as its flamcholding device, an ignitor, a
combustion chamber contalning the hydrocarbon solid fuel grain, and an afterburner for enhancement and completion
of the combustion. Regression rates and combustion efficiency results were obtained over a range of flight conditions
for several hydrocurbon fuels, including polyethylene, and for different port geometries. Paper 22 described the resuits
of water tunnel tosts and two-dimensional windowed combustor tests with two opposing 45° side air inlets. These were
uscd to provide qualitative insight into the effects of important combustor parumeters on the overall performance of
boron propellant gos generator ramjets (ducted rockets). It was found that the highest combustion efficiencies were
achieved at the lowest (ucl injection momentum and at the lowest air injection momentum. Reasons were postulated for
these results, Paper 23 provided u comprehensive review of the boron combustor investigations conducted ai MBB for
ducted rockets. These Included boron reactions during the primary combustion (burning of the fuel-rich propellant
grain), as well as the behavior of boron during ram-combustion. Also discussed were special experimental techniques
applied during these investigations, Paper 24 described the development and characterization of a class of hydrocarbon
propellunts for ducted rockets. A third generation fucl bearing the reference number 1603 was shown to have a relatively
high heating value (8020 cal/g), excellent mechanical properties and a fow exhaust signature. Paper 25 discussed the
development of fuel-rich cast double propellants for ramrocket applications. Paper 26 was not a combustion paper, but
rather discussed the use of high cnergy fuels, particularly hydrogen, in advanced mixed cycle airbreathing configurations
for military applications.

Paper 27 described a research effort involving the coupled effects of decomposition and evaporation of a typical
liquid fuel spray. Results indicated that liguid phase droplet decomposition at higher pressures may cause a significant
reduction of combustion efficiency in advanced airbreathing propulsion systems. Paper 28 discussed the use of swirl in
ramjet combustors and showed that a properly designed contoured swirler can achicve higher combustion efficiencies,
along with significantly lower pressure losses, than a typical frameholder configuration. These same swirlers have also
been applied with success to the solid fuel ramjet. Paper 29 presented a detailed discussion of a modular model for the
analysis of sudden-expansion ramjet combustors. This model is based on a concept in which the recirculation zone,
treated as a stirred reactor, is coupled to a parabolic boundary layer formulation for the flow outside the recirculation
zone. Hydrocarbon oxidation kinetics and turbulent kinetic energy turbulence models are included. Paper 30 described
the theoretical approach for the calculation of axisymmetric and three-dimensional ducted flows suitable for ducted
rockets. A numerical computer code employing finite difference forms was developed from existing free-flow
computation techniques to calculate axisymmetric, non-recirculatory ducted flows. Future work would develop a
computer code to calculate three-dimensional ducted flows with due allowance for flow asymmetry and recirculation.
Paper 31 described a simple three-step model, empirically derived from a premixed propane-air baffle-stabilized ceramic
lined combustor, which can predict composition and temperature profiles in ramjet like combustors including the effects
of vitiated preheat and heat loss.

Session V1

The two papets which were presented in this session dealt with details associated with the transition process from
integral rocket boost to ramjet combustor operation. Paper 32 gave a historical accounting of the development of an
Integral Rocket-Ramjet booster for a propulsion technology flight demonstration program. Paper 33 discussed multiple-
inlet and transition development for another integral rocket-ramjet program.

Round Table Discussion

Following S=ssion V1, a round table discussion chaired by B.Crispin (Germany) was held. Other members of this
panel were E.L.Goldsmith (UK), R.Marguet (France), F.D.Stull (US) and A.N.Thomas, Jr (US). The primary issues
addressed during this round table discussion were (1) the state-of-the-art of ramjet technology and (2) reasons for the
retardation in making the new generation of ramjets operational in military projects.

4. CONCLUSIONS AND RECOMMENDATIONS

The large participation (over 60 authors and 75 observers for “Ramjets and Ramrockets for Military Applications™)
shows the importance and timely nature of the subject chosen by the AGARD Propulsion and Energetics Panel for its
58th Symposium. Comprehensive surveys presented on modern ramjet and ramrocket propulsion technology have shown
that ncither the lack of technical progress nor the lack of attractive missions are the reasons for the hesitation in applying
new genemtlon ramjets to operational military projects. Rather it was sugggested that ramjets need to improve their

“image’ with military planners and missile deslgners . ‘

A future AGA RD meeting might be held, perhaps in conjunction with another panel, to address the overall missiie
systems aspect and cost effectiveness of using ramjet technology. Propulsion related technology areas to be dlscussed
should include: .

— Missile guidance and control and its ef l'ect on Inlets and propulslon performance skid-to-turn vs. bnnk-to-tum

~ Propulsion system observables: I e., IR, RADAR signature and visible smoke
LK
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LOWN-COST COMBUSTOR POR A SUPERSONIC TACTICAL MISSILE . -1

T. D. Myers and A. P, Peters
Chemical Systems Division/United Technologies Corporation
P.0. Box 358
Sunnyvale, California 94086 U.S.A.
»

INTRODUCTION

In April 1979, a low-cost liquid fuel 'integral rocket ramjet (LFRJ/IRR) was success-
fully flown at the Navy Pacific Missile Range at Point Mugu, California. The low-cost
LFRJ/IRR propulsion system was a derivative of the earlier flight-demonstrated advanced
low volume ramjet (ALVRJ). The ALVRJ baseline propulsion system seen in Figure 1 had
performed perfectly in a series of five fllsht tests in which typical missile boost,
sustain, and flight maneuvers were commanded. A summary of the ALVRJ flight test results
is seen in Figure 2, These five flight tests were made over a two-year period, starting
with the first flisht in November 1974, The propulsion system ground test development
program began in 1968 and continued for the next six years up until 1974,

After the key technical aspects of the LFRJ/IRR propulsion system had been . demon-
strated, studies were conducted to identify the best mission application for the ALVRJ pro-
pulsion system. One of the most promising mission applications for the ALVRJ was for the
Supersonic Tactical Missile (STM) shown in Figure 3, When compared to an equivalent
weight- and volume-constrained rocket motor, the ALVRJ propulsion system could provide
over twice the range wi+h 3 higher terminal velocity, Moreover, when compared to a compa-
rable weight- and volume-cons.:»ined turbine engine, the ALVRJ could provide higher veloc-
ity and a multiple shot capability, increasing the mission hit probability.

Cost studies revealed, however, that the ALVRJ unit cost production was approximately
five times higher than desired for the STM. Therefore a design study was conducted to
determine where production cost savings could be made for the ALVRJ propulsion system
without a significant sacrifice in performance, The cost reduction design study was con-
ducted by the Vought Missile Systems Division and was sugported by both Chemical Systems
Division (CSD) and the Naval Weapons Center (NWC), Vought was responsible for designing
the vehicle and integrating the propulsion system components; CSD was responsible for
developlng the low-cost ramburner technology; and NNC was responsible for fabricating the
integral booster motor and providing inlet and combustor test facilities, The specific
cost goal was to reduce the cost of the experimental configuration from $200,000 by a fac-
tor of 4 to S with no performance penalty.

The approach for developing the low-cost ALVRJ propulsion system for the STM and
other tactical mission applications is summarized as follows. Pirst, a series of propul-
sion system performance/cost vehicle systems trades were conducted. Key propulsion sys-
tem requirements that most strongly influenced cost were: (1) fuel flow rate accuracy,
(2) inlet pressure recovery, and (3) required combustor operational 1ife., From these trade
studies specific low-cost ramjet component designs were selected, including: (1) inlet,
(2) fuel controller, (3) rocket booster motor nozzle release mecﬁanism. and (4) combustor/
thermal protection system (TPS). The low-cost combustor/TPS developwent effort is the pri-
mary subject of this paper. The low-cost inlet technology developed by Vought and the
low-cost fuel controller developed jointly by Vought and NWC are subjects for separate
papers., Although the basic low-cost combustor development. was primarily an in-house
research and development effort by CSD/Vought, some of the key component ground tests and
the flight test were conducted by NWC.

SUPERSONIC TACTICAL MISSILE (STM)} LOW-COST RAMJET COMBUSTOR DEVELOPMENT

The ALVRJ ramjet combustor case was rolled and welded from Inconel 718, The inlet
entry ports and nozzle shell actuator mounts were machined from forgings. Thermal
protection was provided by a refractory zirconia layer and local hot spots protected
either by regenerative fuel cooling or air cooling. The high cost of Inconel 718 combined
with the extensive machining required for the local fuel and air cooling resulted in
a very expensive design, In addition, the fuel/air ratio was requirad to be held very
lean to avold comuustion temperatures in excess of 1,9220K, which limited ¢he maximum
thrust capability of the engine.

The ALVRJ TPS design was selected in 1968 and reflected the best state-of-the-art
technolo&y available at that time. By 1977, however, separate industry development pro-
grams had produced a new ablative thermal protection system that proved to be a very
effective insulator for ramjet combustors. This carbon-filled elastomer material,
designated as DC 93-104, has excellent low thermal conductivity and is also resis-
tant to the oxidizer-rich ramjet combustor gases. By using DC 93-104, CSD could select
the less costly case material, 17-4 ph, and also eliminate the expensive machinery opera-
tions associated with local fuel and air cooling. DC 93-104 has lower fabrication
costs than the zirconia liner. In addition, the combustion temperature limit needed for
the zirconia-protected ALVRJ combustor case could be removed with DC $3-104 and the full
thrust poteontial of the engine could be realized,

An {llustration of the low-cost combustor is shown in Pigure 4, Together with the
primary cost reductions associated with the use of 17-4 ph steel and DC 93-104, several
supplementary cost savings were realized by using castings in place of forgings for the
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inlet entry sections. The tensile strength of the castings was incredsed by hot iso-
static pressing (HIP) to-3 level normally attained only by uSing a more expensive Zferging.
These key cost reduction design features, which permitted the 4-5:1 production unit cost
projection, are summarized in Figure 5.

LOW-COST COMBUSIOR  DESIGN AND FABRIGATION

The low-cost combustor assembly is shown in FigureiG. T  ombustor assembly con-
sists of two major subassemblies, the forward combustor case an ‘Y“e nozzle, which are mar-
ried in the final assembly by a circumferential EB weld.

Critical airframe interfaces are machined after rinal assembiy by means of Vought-
supplieéd locators and templates. Machining interfacing surfaces .after assembly ensures
accuréte-alignment of the booster motor nozzle. The forward end of the combustor is a.
dome formed to 4 shape apgroximatin a 2:1 ellipsoidal dished sectior with an 0.24/0.22-cn
wa'l thickness. A-boss, butt-welded to the center of the dome, s¢”ses multiple func-
tions: it actS as a centering hole for the TPS casting mdndrel, a casting port for the DC
93-104 insulation, a centering hole for the booster grain mandrel, and a pressure port for
combustor pressure measurement. After the dome has been joined to the inlet actuator
mounting pad/noZzle support ring, the subassembly .s aged to the H-775 condition before
the nozzle skin i§ installed to facilitate nondestructive festing (NDT) inspection Of the
critical fin support pad welds. Following qualilty control (QC) acceptance of the aged
subassembly; the nonstructural nozzle skin is welded in place. Subsequent heat treatment
is not required.

The nozzle liner is molded from chopped squares of U.S. Polymeric FM 5020. The mate-
rial is bonded to the nozzle support structure with American Cyanamid HT-924 adhesive. A
silicone O-ring-between -the liner and the support ring ensures that gas doos not leak
across the nozzle bond line. Additional sealing is provided by the DC 93-104 nozzle
entrance fillet, which is installed at final combustor -assembly, and a soft silastic mate-
rial that is installed between the aft-radial surface of the liner and the support rings.

Alignment surfaces of the snap-ring interface and thé ramjet throat are machined
after combustor assembly to ensure that the required alignment tolerances are met.

Acceptance of the completed combustors was in accord with CSD Acceptance Specifica-
tion-¥TP-2630-003. Weld efficiencies meeting or exceeding design requirements were demon-
strated for all weld -types. A weld qualification program to ensure sound welds was con-
ducted for the 13 weld or weld-type joints used in the fabrication of the low-cost combus-
tor. Weld procedures were developed for each of -these joints in accordance with the stan~
dard CSD weld qualification specification.

An extensive materials evaluation program was conducted in support of the low-cost
combustor design. Vehicle weight restrictions required qualification of a material meet-
ing high stréngth requirements while still maintaining sufficient toughness and stress cor-
rosion resistance.

Material for the low-cost combustor was initially specified by CSD as a 17-4 ph aged
to the H-811 condition; however, in response to Vought's weight reduction requirement, CSD
determined the best compromise between material strength and toughness. The selected com-
bustor des%gn, ased on 17-4 ph and aggd to_7759K condition, has an ultimate streggth gf
1,275 x 109 8/mé -for sheet, 1,241 x 10° N/m2 for forged materials, and 1,172 x 10° N/m
for case material., Since resistance to stress corrosion cracking was very important,
stringent NDT and acceptance test procedures were used to ensure that components and fab-
ricated assemblies were free from defects.

Preliminary design values were based on review of available literature or data from
previous Vought programs. These values were revised as USD material test data became
available. As a result of the materials evaluation program and selective procurcment,
design stress values approximately 20% above MIL-HBK-5 design allowables were approved for
use in the low-cost combustor design.

To achieve C5D cost objectives, the complex air inlets {Figure 7) were cast instead
of machined. The cast inlets reduced the inlet cost per combustor by approximately 75% of
the cost of -machined inlets, répresenting a savings of about $12,000 per combustor. This
is the first -time CSD h:d used castings at high stress levels a5 an integral part of a com-
bustor case pressure shell. In a continuing effort to reduce fabrication costs, the tech-
nology gains from the inlet casting effort were expanded to investigate -the casting of the
entire forward inlet section. This design, though not completed in ‘time for this -initial
program, would reduce combustor costs further by eliminating the complex jigging and weld-
ing required to form the forward assembly. Designs wsre prepared and a contract released
for casting a single inlet section, formerly comprised of the:four inlet castings, the
four roll-formeéd interconnecting sheet segments, and the forged forwWard dome/forward’
attach "y"-ring section. This intégral inlet soction; shown-in Figure 8, -met all inspec-
tion-requirements established for the single -inlet castings used in 'the low-cost combustor
development program {LCCDP) combustors: The ‘integral inlet section was subjected to the
samg HIP Process as the single inlet castings. No defects .duc"to the HIP process were
detécted; and-a posttest dimensional inspection showed"the casting td be dimensionully

stable during HIP.

installing tﬁ%}TPS in -the- LCCDP.

-An_extofisive: insulation processing study was conducted to deVelop procedures for
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-Personnel in=CS]
Corning=DC-93-104 -ins
through--literature re

esearch. and. Advahced--Techiology -Department installed -the Dow- L
ion -into the prototype combustors. using procedures developed 73
ré reseéarch-and -prior-experience. Reguiresments and procedures for

. receiving/inspection, storage, mixing, and casting of the-DC:93-104-material were

P developed and used throughout the program.

: L The -successful casting of the STM combustor liners provided a significant increase in
3 . C5D's understanding of z:thé -handling. and -processing -of the-Dow-Corning -DC 93-104 material.

- VALIDATION TESTS

o v

[ ) H -Ground -test -activities _in-support of the-STM.program .successfully demonstrated the
: H adequacy of the design for defined STM flight trajectories. These activities are sum-
marized in Table 1 and discussed below.
CASE -STRUCTURAL/HYDRQTEST - -
—~This test demonstrated the structural adequacy of-the low-cost combustor. These
tesgs,-conducted_ét«csa, subjected the finished combustor to full combustor design
- conditions,

The low-cost combustor -was -subjected to two hydrotests. The first test was designed
to demonstrate the adequacy of the combustor to withstand the design_internal pressure
: (1.25- times-maximum-expected- operating-pressure (MEOP), 12 x 10%-§/m2); the second test
: was designed- to -demonstrate the adequacy of the combustor to withstand actual flight inter-
nal and external loads. -For each test, the analytically determined stresses in the inlet
ar 'a were higher than the experimentally derived stresses.

The first low-cost -combustor booster test was successfully-accomplished, with support
from £SD, at the NWC:Skytop test facility. Posttest inspection of the combustor indicated
that ’ittle degradation of the TPS had occurred: A-decision was made to lightly sand the
DC-93-104 surface and -cast a second booster grain into the combustor. The second booster
test was successfully conducted in early 1979. All test objectives were met, including
the ejection of the port covers and booster nozzle.

CSD-supported the NWC investigation into the cause-6f a-propellant-to-TPS unbond
which -occurred in the second motor, The cause -of the unbond-was traced to a procedural
-grror in propellant casting. The Dow-Corning DC 93-104 insulation had not been "baked"
before-casting of the solid propellant, and volatiles evolving from the DC 93-104 during
the propellant cure cycle had caused the unbonds between the TP5 and the propellant. In
the first motor, insulation repair at CSD before delivery to N¥C had exposed the TPS to
elevated temperatuce for an extended period of time. This exposure drove off post of the
volatiles in the DC 93-104, allowing a normel bond with the propellant. NWC procedures
were revised fo inciude a post-cure "baking" of the DC 93-104 before the propellant cast-
ing operation. All following booster motor grains were cast without additional problems.

The low~cost combustor thermal endurance test, supported by CSD, was conducted at the
NWC T-range facility on March 30, 1979, The same combustor, previocusly used for the two
booster qualification tests, was used for this test. Because of the limitations of the
T-range test facility, the endurance test was conducted at a single condition (approxi-
mately 10,7-km altitude chamber pressure conditions].

The goal of the thermzl endurance test was to demonstrate the ability of the TPS to
withstand long-duration cruise conditions. The results of the test were then used to
update the thermal math model and to define more accurately the high heat fluxes that }
occur in a local hot zone around each inlet pad. Movic cameras positioned to look into
the combustor during ramjet operation produced photos showing two things of interest. One
good view of the inlet area showed edge burning of the DC 93-104 pyrolysis gases around
the inlet window frame. From demonstration combustor tests, it had bren speculated that }
a larger combustion zone aft of each inlet had formed, and the matc™ wodel was nmodified
accordingly. The second interesting observation from the movies was -%at charred lines on
) the sides of the inlets had been blown off after ramjet shutdown. Thermocouple data did

indicate, however, that some top layers of char may have also been lost on the inlet sides

during ramjet operation {Figure 9). Since temperatures were not excessive, it was obvious

] that good insulation remained on the case. On the basis of the thermocouple data, thermal
: paint indications, and movies, the heating around the inlets is believed to be driven by

e¢dge burning effects around the inlets in the recirculation zone created by the aft facing

step., The model hypothesis is illvstrated in Figure 10, 1

e = T

i

The internal boundary conditions were revised to model this phenomenon by first making 1
E the source temperature for the window frame, Zone C (Figure 11}, egual to 1,9440K, the
agproxina:e combustion témperature of pyrolysis gases, and then systematically reducing

the heat transfer to a cogfficient until a good match with test data was obtained. In
addition, the sourcé temperature downstream of the_inlets, Zone B, was reduced from .
1,9399K to 1,7009K, which is consistent with the ALVRJ data base. As Figure 9 shows, the
pretest overprediction is corrected by the model update, The same internal boundary condi-
vions were successfully used ro predict the final ground teSt results and STM flight test
results.

Maximum temperatures measured on the combustor hot zone were only 9789, including a
2559K preheat during 60 sec of facility inlet air flow stabilization prior to ramjet igni-
tion. This is well below the 1,200%K design allowable éstablished by a structural creep
analysis. T




-

‘trajectory simblation test-conducted by CSD:

— - s -

systém=tést-conducted on-April 16, 1979; in-fHe CSD remjet test facilify {Figare 12
This test-was :designed-to simulate fully the-Tonditicas-and .sequences.of events tfo . be
encounteréd=in:the STH-flight test. o

-The. last-ground test .to-qualify thé lowzrost combustor -for-flight-was the igte§:ated

-pipe, rocket-to-ramici transition, full

t ‘is thoughi to be the first-in the United
States for & full-size -flight combustor. AlI-"1&st sequences-and-test parageéeters.were
designed -to-sigulate actuyal ST [iight conditions, Extensive planning, system checks, and
flow calibrations were carried out prior io the finzl authorization for conducting the
test. On Aprii 6, 1979, with representatives from the Naval Weapons Center and Vought Sys-
tems -Division- in-attendance, the-test was succesSfully conducted. All .systéms performed
within-specified limits.and all test objectives were.met;

The STH, IRR test was the first connscted

Figure 13 presents test data showing the thrust and combustion pressure history of
the low-cost combustor during the IRR test. Both parameters were cxastly 45 predicted
from -the ground-tests. For this test, aerodynamic heating was applied 10 one-quadrant of
the combustor only. SinCe tne external surface-of the combustor is exposed -to aerodynamic
heating in only four zones approximately 12.7 cm wide, between the inlet fairings, it was
felt that each zone would reawt independently of the other zones in actual fiight; there-
fore; simulation of one zone :as sufficient. The heat -transfer coefficients éxpected to
be encountered-during the STM flight werc supplied to.CSD°by Vought. These foefficients
were correlated to backside shroud air flow and témperature for this test by calibration
tests -conductad on the ‘bare wall fit check combustor; The temperature response at criti-
cal locations around the combustor (Figuré 14} clearly show the excellent thermal protec-
tion provided by the DC 93-1u4 TPS, B

Upon completion of the fully successful integrated systems ground test, a flight dem-
onstration .was scheduled. The specially modified-A-7 aircraft took off from NWC at Ridge-
crest; California, and flew out over the Navy Pacific Missile Center. The STM vehicle was
dropped at high-altitude and allowed to free £3ll approximately 5 sec to cleéar the launch
plane: The boostér motor was ignited in a diving attitude, accelerating the missile to
greater than Mach 3 at booster burnout. The dive was continued for 30 sec, whereupon 2
climb was initiated. The desired cruise speed and altitude were reached and 2 sustained
cruise-was maintained to a range greater than 100 km, whereupon a terminal dive fo sea
level .was initiated. The vehicle was allowed to impact into the Pacific 0céam at 151 sec,
under full power. All aspects of the actual fiight were achieved in a perfict flight test
demonstration of this low-cost IRR grapﬁisieﬁ systesm for application to an 5T¥. The STM
vehicle and flight trajectory are shown in Figure 15. A comparison betwsen the predicted
downstreas range vs time and the actual radar flight test data (Figure 15} showed 3
perfect .f1ight was realized.

CONCLUSIONS

The low-cost combustor for the STM propulsion system has been successfully demon-
strated through a series of grouad tests and in & totally successful flight test. The 5:1
combustor cost reduction for the STM propulsion system compared to the ALVRJ propulsion
system was achieved with no performance penalty.
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ENGINE SIZING AND INTEGRATION REQUIREMENTS i
POR HYPEHSONIC AIRBREATHING MISSILE APPLICATIONS

by
Paul J. Waltrup, Frederlck S. Billiy and Richard D. Stozkbridge
The Johns Hopkins University
Applied Physics Laborstory
Johns Hopkins Road
Laurel, Maryland 20707
0o

-A.

SUEMARY

A procedure that provides a rational means for selecting an inlet/combustor con-
figuration for a hypersonic airbreathing missile is presented., The pariticular problem
that is addressed i1s the design of the sustained engine of a two-stage missile that is
constrained to be launched from a stowage volume that is either square or circular in
cross-gection. The sustainer epgine accelérates from a low azltitude separation at Hach
% and climbs to high altitude for cruise at ¥ach 8, The results show that a missile
with an axisymmetric nose inlet provides a somewhat higher thrust capability and siightly
better fuel efficiency than a chin {ype Inlet, Aft entry inlets are shown 50 have s
substantially lower thrust potential and lower engine efficiency. A criterion for de-
termining the maximum contraction ratio of a fixed geometry inlet is established and
applied to the exemplary missile designs. Combustor area ratio is examined and found
to have a relatively c£mall effect on engine performance for area ratios equal to or
larger than that required to obifain maximum thrust at the take-over ¥ach number.

NOMERCLATURE
A = area
CD = total vehicle drag c¢oefficient
GD = noge, leading edge, cowl wave adéitive, body friction, &nd
n,ie,ew,add, I, tw,t7 tail drag coefficienis
CN = normal force coefficient
Co = gross engine thrust coefficient [Eq. (A-1}}
4
Cqp = net vehidle thrust coefficlent = Cp -~ Cp
¥ *
D = diameter
ER = fuel-air equivalerce ratic
F = strean thrust
fs = stolchicmetric fusl-air ratic
L = length
M = Mach number
P = pressur
Q = heat transfer
9, = free stream dynamic pressure
r, R = radius
T = thrust, temperaturs
U = velocity
ﬁr = fyel flow rate
Wy = pox width (Fig. 1}
x = distance
Z = altitude
a = arngle-of-attack
8 = ($-30)/2 .
Y = ratic of specific heats
¢ = inlet smile angle
¥ = 90-¢/2 ) o
QKE,n;c = inlst kinetic energzy, exit nozzle and combusiion efficiency
subscrints
0~5 = station numbers (Fig. 4&-1) Approved for presentation and
a = body publication at the NATO/AGARD/]
c = cruise PEP 58th Symposiu~. Additional
& = maximum cirele in Lax distribution limited to U. S.
i, s = inlet sowl Governnent agencies only. Other
max = maximun requests for this dotument must
n = nose be referred to the Johns Hopkins
ref = preference ﬁnivers!tylﬁpirlied Physics I.;b,
t = total Johns Hopkins Eoad, Laurel, M,
. = wall 20707,
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The design of a missile involves the consideration of numerous factors that
inciude both the mission requivements and the constrainis that are Iimposed due to
welght and vdolume limitations, It Is the purpese of this paper to present a rational
procadure for gulding the design of a supersonic combustion ramjet (scramjet )-powered
missile consbrained to g particular cross-seciional srea. The scramjet bas been
chosen beczuse it is the nost efficient propulsion cycle for hypersonice fliight within

*ﬁe afmosphere {Ref. 1). To oxplain the techrigue it iz necessary fo select a particular

ission reguirement, but the approach is not éspendent on this selection.
The problem is posed as follows:
1} The missile is %o be designed into a launcher

sectional area, either square or round, but, as
the detailed analysis will be directed to the =

rat has a fixed cross-
%ill be explained below,
guare cross-gection;

(]
[

The missile 1s a vocket-boosted fixed geomatry

s¢ et that has an end-
of-boost Mach number of ¥ and a2 crulse Hach nuzbe

.

&

RE

¥y
»
34

4

3} The scramjet is of the dual mode type, i.e., at high [light Mach numbers

and low fuel/air equivalence ratios, the flow in the cembustor is supersonic,

whereas &t low Mach number and high sguivalence ratio, a nor al shoek
przcedes the comhustion (see Ref. 2 for a getailed é;scussicn ang

%} The inlet capture area is c¢ither circular or & seg¢tor of & circle which is
co mmonly referred to as & "chin" inlet and, by ;e"-&tting the inlet cowl
1ip to be located downstream of & foreb é' sn af% entry inlet is also
represented.

ve 15 to develop a rational procedure for selezting She gﬁﬂmetry of the
a, the design Mach number Hﬁgs, the inliet sontraction ratio, the

1o and the nozz’e-to~_n_et area ratic.

INLET CONSTRAINTS

Zhe problem begins as an exercise in gecnmetry
f chin and aft entry type inlecs that ca
is for selection will be based on the ma
laser the effects of reduced inlet area
ckaging of 2 chin type inlet constrained
r sross~-section. In each sketch the axi
area for a given é. Por the sg ua
entric with the boz axis for 350° »
ong the diagonal and reaches the To
nhe corner. Each sketih also show
si1uh the inlet axis having the mazizmu= o

the range of "gmile"
red. Initially the
ronval area of the
’d. Figure 1 depicts
ther & square or
is locsted Yo give the
gonstraint {Ref.3) the
» 270° > & > G0° the
3°. Fer & < 90° the
eircular body,

ot

1led
H 1
a1
£
w

= F/¥5 = 2, where B is the length of the box zide. For ¢ £ 270°, v, /SS decreases
s
5 r.S
1iy to 0 at & = 909, It would be per=issible %o have & padius r, < o,
HAX
zve She maxirmum inlet area. Horeover, T r than L but
»e58ing the inlet area. MR

area is obtained
*sontainer." For
ceriphery at ¢ =

constraint and 360° > ¢ >
axis concentric with the &
axis moves progre:sLVe-g cut
the axis is on the periphery.

he inlet area ai to the ares cf
= for r,=x is:
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e 90 cosis

366° > ¢ > 1g¢°
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where $ = g8° - % {6}
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-Even though ni;’s, values-are shown for the entire range of §, some de

+ be reasonable in
reular Or near oire
would be-r ;’%-s

Tor ¢ < 1&{}“ )
as not enforced but

I
4
(4
L]

h

ular inlet for ¢

Wi

%;.e chin inlets of interest have & > 150°. s 1
aralysis only the box consiraint wgs studied in deptn,
5 the chin {or af: entry) inlet a-more favorable inlet cappure arsz relative to a

signs would

2 AInlet into a

A reas¢2a§‘;§
rai

would resulf. In this study this 1imit

it because for other reasons
1init the scope of the
which, as shown in Fig, 2,

that it would be iﬁ;xaetical £ feir the asymmeir
ular cross-3ecti 5

= §.3; which éi‘;“i‘ p
s=aller values-of 4,74
as 4%t turns oub, 1t I

W

“e
is

Horeover

< 270° than would result with the circular constiraint.

Fig. 2 Maxi inlet aircap
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perhaps ﬁggs = 5 would be a reasonatle choice. However, this would require the inlet to

operate significantly above its design Hach number; a factor that was not adequately
addressed in the selection of the correlation for Ny (Eq. i0). Hone of the data covered

tests of inlets st HQ considerably above their respective EDES‘ Presumably, for the sanme
ﬁlfﬁc, g would decrease for KSES > H@' Thus, EﬁES = 6 was deemed the prafevre¢ tholee.

The choice of the larger AQIAE was based on the slightly better average CT at a = 0.
N EAX
Figure 11 shows ccrrespornding €, curves for chin and aft entry inlets ail having a
Ty

not stypieal amile angle of 1€0°, Because of the previous arguments regarding inlev
Nozzle exit-to-inlet geometric area ratio, ASEA;

09 1.126 1.383 1.492 1.333 1.0
i T 1 H
Mpes =6  AgfAp=a

a Mg =4 Aret = Ag
© x a=0°

‘208 ER=10 ]
[

[3)

E

3
=

£ oor]- ,
o

S Chan infet

g

T 06

<

L3

g

°

£ off

4

g

g 04l Aft entry inlet

5

=

03— 1 i L ! i I :
80 180 270 “5Q

Inlet smule angle, ¢ (deg)

Fig 12 Maximum net force coefficient at M = 4, as a function of smiie angle for nose, chin and
aft entry infet designs with Mpes =6,

35

operagion at My > Mpoe, Fpoo < 6 were not included in the aft entry summary., Results for

obther values of ¢ exhibit similar trends. The previously stated arguments for the nose
entry used fo select EBFS and é#/ﬁe are valid for the chin and aft inlets, s0 agzain MD?S =

6 and Abfﬁz = 4 yere chosen.

With HDES and ﬂuf£2 specified, it is now nossible to compare the efficiency of engines

having different types of inlets, Tc accomplish this, compariscons need to be made for
cases where all of the engines produce the same nhet force. Figure 12 helps to serve in
explaining the methodology used to makte this comparison. Here, maximum net force coeffi-
cients (i.e., ﬁe = 4§, ER= 1, a = 0%) are shown as a function of ¢ for engines gll having

ﬁsES = &, Agfia = 4, The minima in the chin and aft entry curves are & direct consequence
of the geomefrical constraints on inlet size shown in Fig., 2. 7To enable comparison of
engine efficlency av the same thrust level for all &, Cp = 0.628 ana 0.382 values were

N

chosen, Thus, at the higher level, nosg and all ohin inlets can be compared and a4 the

lower level, all three types can be compared. To reduce the CT for & ¥ 209° engine
N MAX

desizns, the engine inlet area ls reduced holding 55 econstant, For example, for the nose

inlet ﬁsiéi is increased from 1.0 to 1.33 to reduce Gy from 0.895 to 0.628. For & <
i «
i
360°, the reducticas in Ay are smaller zince CT are lower and the corresponding
N MAX
Asiﬁi, shown on the top scsle in Fig., 12, are larger. A&n alternative methiod would be to
reduce the engine ER, but this was not examined herein.
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a = 0% ané 5%,
for ER = 1
+5° garve shown

efficiency. For either case the nose inlet engine
If efficiency were the sole criteris

¢hin inlet.

in

*
T

angle would be the cholce. e
having ¢ greater tran about 210° would not benefit from improved packaging efficiency

relative to a nose inlet that has often been ascribed in other studies.

However, as suggested

sults for the chin and nose inlets

s used as the ind of efficiency.

W fex
representative of effiziency during acceierat
he middle fTigure is for C.

TEay
2t

53
= § and thus is representative

is more efficient than an engine with 2
for selection of 4, then a large srile
by the sketches shown in Fig. 1, engines

In any event, the

differences in efficiency between, say & ¢ = 180° ¢hin and a nose inlet, are nct profound,
=

amounting to sko

e
Y

3% at Y, =
8 is also slightly better for the nose

4 and 9% at EQ = 8.

the basils for selecting the respective engine sizes been equal

there would be & greater difference in
inletz buil the chin would

sion, however, is that on

ferred.
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have greater

Haximum accelerative capability at EQ =
iniet, as ghown in the figure at %he bottem. Had

maximum thrust at i, = 8,

the relative efficlencies between the shin and nose
thrust potensial at lower K,.

the basis of engine performance, the

The general concliu-
nose inlet would be pre-
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When the comparison is based on the lower value of C, at ¥, = 4, a = 0° 50 as tc
“y t

include aft entry inlets, the arguments relative to the compariszon of the chin and nose
configurations are similar. On a fuel efficiency basis, the aft entry is poorer than she
chin for the ¢ range of interest, as shown in Fig. 14, fThe curves relating to accelerative
capability at 2-29 = 3, zhown in the botton figure, exhibit trends for the chin and nose

inlet similar to thonse for the engines designed for higher thrust. For the aflt entry at

a = 0%, thrust levels are 60% to T0% of the corresponding chin inlet having the same 3.

At first glance the curve for che aft inlet &t a = 5° appears to be anomalous. In fact,

the very largée decreases in with increasing ¢ and the significant differences relative
1

t0 the chin inlet at the same ¢ are directly attributable to the far greater sensitvivity

in air capture of the aft inlet to change in a. For these conditions with smile angles

less than about 220° the relative uir capture of the aft inlet increases more rapidly with

increasing a. Por larger $, the trenc is reversed because the "shadowing" effect or the

leeward side is more pronounced as the inlet is moved aft. In general, an engine wish an

aft inlet has less thrust potential and is less efficient than either & chin inlet or noss

inlet engine.

4.0 T T T T T ] T T
My =4 Gy, =0382@M,=4,a%0 |
«= \\ Aft entry it
E — ER=1 .
=] — Nose infet
; Chininlet N
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Fig. 14  Performance comparison of nose, chin and aft entry inlet vehicle
designs with cTn =0.382when My, =4, = 0°.
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ONCLUSIONS AND RECOMMENDATION

e e e e e s

The pesults of this stuly lead to the following coéncluslions and ~e2 mmendations:

1. The net perforzance of nose inlet missile designs is souewhat better than
comparable chin inlet designs when subjected to the same launcher cross-
secsional ares constraint., Aft entry inlet designs have substantially less
thrust potential and lower efficiency than either the nose or enin designs;

2. A maximum inlet convraction ratio, (Ao/Ai)MAX exists, which is a function
of the free sirean Kach number. Further increases In A /A, are not possible
without causing inlet unstart. The overall maximum value is 3.5 av ﬁe = 7.

This conclusion is based on experimental results obtaiﬁe§ orimarily at angles-
of-attack < 3° and further testing is needed to substantiate the conclusion
at the higher vaiues of aj

3. The optimum irnlet design Mach number falls in the middie of the desired flight
Hach number of operation, not near its upper 1imif. Consequently, future
inlev experirmentation should include tests at one and two Hach numbers above

Hrnes
pESS

LR The sensitivity

o
s

of engine performance to yew angle should be investigated,

Cnin or aft entry inlet missile designs require bank-to-turn steering which
can introduce sidesiip and the performance of both may be sensitive to yaw

angle as well as angle-of-attack;

5. The maxinum inlet capture ares, Ai’ is a function of snmile

;
launcher constraint. The overall minimum occurs when ¢ =
launcher and ¢ = 133.6° for a circular launcher. The maxi
¢ = 360° and 30°%; and

angle in a given
208.6° for a box
mym oocurs when

6. The choice »f an optimum smile angle is not clear. A lower bound can be estab-
lished when She radome size is defined. The optimum wever, would depend on
a study in which internal packaging efficisncy is included; such a study should
be nade.
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of the analysis for predicting scraniei engine performance has been

VEHICLE DESIGN CONSTRAINTS AND MISSION HEGL

study was undertuziken to develcp the methodology needed to
ae,erm-re engine sizing and integraticn reguirements for hyperscni
=§ssile apblications. Three types of inlet configurations that have
dersble attention in the literature have been examined. As with any
s certain launcher constrainis and mission requirements must be

or zhis study are that the missile must fit within a square and be
rOgS section and that the missile must be capable of accelerating fron
8 ecruise speeds., The more detszlled analysis was confined to a

7 % 19.7 4n.) x 400 cm {(157.5 in.} box constraint,

The Hach &

Z gré-of-boost flight speed is z reasonable choice since the cptimur

two stage venicle generally 1s obtained ﬁhes the rst stage acceleratzs the vehic -e

to approximately half its crulse speed. < e length (L) to éiameter (D)} rat

of § that was selected is typical of higp s airbreathing missile designs. Fin al;y,
a fixed geozetry engine is assumed as it EE r 1iy is preferred to minimize cost albeit
with sozZe icss in performance.

1 m

m w

[+

..f‘
LUE ﬂ- My
[y |.n.

¥ith the size of ths misslle thus constrained and the flight regime establiished,
the remainder of this appendix will presenc hesaizea descriptions of the inlet arnd
engine perfermance calculations and aerodynsnics and drage used in this study as well
as sample caiculstions of the results presented in the main ftext.
IHLET PERFOREANCE
inlet performance 15 a composite of three distinct paremeters: air
(A /Ay = see F A-1), kinetic energy efficiency (1 ,) or total o
e i T i f“-i and HKE together wit

2. The ccablnation &
ratio (Aya1 213 sufficient %o determine the gicka

eonditions a% stationill . These, in turn, are re
ow conditions shroughout the remainder of the enz

=
the © o s 1s required tc determine the net vehicle fc"ce.
text of this report, an pirical relation LZelween ny,. and A, /n
44
Since A /R, = LW B (A /A ), oly remains o dete.hine A /ﬁi and %
érag coefficient {sg ) as a rupct on of ¥_, ¥... 2nd angle-of-attack {2}

B
the characterizatiorn of the inlet.

2% air caplure and additive drags vwere {etermined for the 3
¥ Inleis depicted in Fig. 3 of the main text using a three-
solution of %he hyperrolic eguations cof moticn. The apalysis is very s
that repcried in, for example, Refs. # and 11, &rnd ecﬁes of this type a

available.

gh s. A-3 through
st“egm red along with
of 0°, £ Ay/A4 and Cp

the nose/chin ir
igures A-11 thro
icted in Fig., 3{
5, 7 aré 8 we

etric area (A

N

is permits é t ¢o T
es of &, B, ¥ and s,

suits for the aft entry
nly inlet desigﬂ Yach
¢& area is taken as the
ero angle of stiack {=
various iniet designs

4£-18 presen

7 co=pares A /A1 as & fun
rose and chin Tor ¥y, = 6, 7 and 8 u

=izcns and supplement thoss
re

g in Fig. -17 show thai:
2
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4
A

L,

NP

LTI e

.y

B 0

{2) The loss in sir capture at By > ¥yooand a = +10° of the nose

inlet eia ated by usinb a chin inlel with & smile angle 8—(3
of 270" er ard

£

KR
- :'I

¥
less .
{3) For 5 TLS’ a » 0% and chin inle: designs with ¢ < 270°, the
air cap!are increeses with Increasing and decreasing ho over
the zero anglie of attack values. For example, fop ¥ ce B,
. = & and ¢ = 286°, the air capture at o = 3;o° iz 28% higher
than at a = o°

td
£, on the other hand, Show that the alr capsure ratic of

The results in Pig. g e the

aft entr inlet iz alwsys lesg than that cf ‘Ee fese or chin inlet *»s‘s.s except for
Y 5 4

H HDES’ a =407 and ¢ = 987 where the aft entry inlets air capture is £I to 12%

hibhe. than for the chin.

The reason for these differences &s that the bow shock of the aft eéntry desipn
never intersects the sowl lip, even at angle-of-zitack, excegc for the above meniloned
cases. In additien, In a three-dimensional flew for ¢ < 360° a lateral (ror-arzal)
flow 13 established =hich persits a porticn of the air to 5piil around the inles which
would not occur in an axisymmetric ot two-dizmensicral flow. Consequently, she air
¢aplure Characthrigtzcs of ;re aft entry and, to soxe ex3e~t, the chin inlet zre lower
than would be expected for s comparable swo-dirmeraienal An~eL desipgn fiying =¢ angzle-

of-attack. Thus, xhereas an ET: entry inlet is & vigbtle inlet design for & more
nearly two diﬁer; on flcw on a body at angle-of-atiack, such as the KASA hyperscnte
engine (Ref. 12}, It kas less than desirable air =apture characteristies for &
hypersonic missile iz especlally so at igow Hach nurmbers and low o =cderate
angle-of-attack.

ERGINE PERFORMANZE

2e of a matrix of scrazjes .g:nes has been scmputed dsing
the cycle analysis presented in Ref. 9. In ordsr *c =ake the results independent of
2 particular inlet £n, hov¥ever, requires that the results be compiled = rrecented
as a function of th t cont "aetion "ﬂtis {2./3,} using the correspending kinetic
gnergy efficisncy % Pig. 7 of the main t3xl SLch computations have been made
based on the follswing urptions w! 1ch are sonsistent with the norms sstablished in
Refs. 9 and 10:
(1} The costustor inlet area and &iffuser exit area are equal, if.e.,
R; = A °
(2) The fuel is ZJ-5 with n, = 1L8%.  This assumption has been made io
sizpl the analysis.

s b*“n eff:c‘e

stoichiczetry, rs

heat of for=ation = f
lower leading value = al/gm
. che=ical formula =
moiecular welight =
specific gravity =
(3) The air consizts of 0,7552% ¥s, 2. 05 and 0.01325 A by welght;

(4) The cochustor wall wetted-to-inlet araz ratio (A“/az) is 55.3;
{5) The inlet znd combustor flews zre in thermoche=ical equilibrius;
(6) Heat iransfer through the walls oF the cosbhustor are reg:igihle; and

(7) The nczzle exiy strean thrust is based on an efficiency of 0.58 for
&n expansion that is one thiréd of the way between Ire:er and 1

With these assusmpiions, & matoix of gross engine internal thrust coefficients (2

were computed for an sisit 3 Tt.} for effective tontracticn rast
of three to the maxizum per e ;“in text), equivalence ratiss "o

£¢ the maximux per=is fo ervals, combustor area ra::cs {a.74
of 2, 3 and § and effective exit nostle expansicn ratics (aslao) of 1 to 8. 3Gress
€

thrust coefficien cases is defined as

i
)
1]
o
M

1
1

- Bg {hg = &)Y agay) (a-1)




-

gaD

F
H

where F 15 the stream thrust. An alvitude of 35.25% {50,000 £%.} woz chesen for

sicplicity. Although small variaiions in C? %11l occur at other zlititudes; the

g .

cT s given arc a good approxization for C. all altvitudes of interest.
€ . ‘g

The results are presented in Pige, A-1% through A-2% where f. 1s given &z o

function of Aolhi for 3 < ¥, < €, 0.25 < EF = 1.0 or the maxlisus &
for each of the cfrectzve‘cxit nozsle expansicn ratios. The refer
81} cases iz Ao. To use these &
a knowledge of ¥ _, A /A, 2nd A,/A
(Aolai), ﬁslic = {

55/‘%1 can be detsarn

a and engine design, are
(CP/u) and the zcro Mift
3

for c%/u has been assuced which
sonic missile designs. The rela

Cyfe = 5.5 - 0.34,

where a is in radlans. The reflerence arca
that the functionzl dependence of cﬁi: is

limited to s=all angles-of-atiack, i.e., a £ & 12-157.

The external drag ceefficien
wave, the body friction and the &
nose) and cowl wave drag coef

procedures used to deterzine &-"0:'5-‘1

in computing CD .« The cowl leadin
o%

a leading edge diameter of §.25 o=
efficients (Cy , Cp ) were o
Y f

developed turbulent boundary layer.

assuming 8 two-dinensional flow
with a 55° sweep angle, 2 total
ratio of 5X. It should be noted
inlet vehicle designs assuzing s
and aft inlet design rssusing bz
in both cases, however, iz the saze.

O X
I b R Pt (Y

=
£
3

The resulting drag ¢cefl
of free-strean Hach number.
Note that CD and cD are a

te (]

given per unit body surface arez and per unit prefected ITrontal ares, respestlv F)
where the values of CD are based on an A/A, of 2. This introfuses less than s N
;-

3
oW =
328 error in C, for l:_ﬁsfﬂ £ 5, Base drags gre not inciuded since i3 is assum~d
(2]

b
that the engine ¢xit noszle Fiils the maxizus circle afforded by the lsuncher constrainis.

SAMPLE CALCULATICNS OF HET VEHICLE FORCE CCEFFILIENTS

With the inlet performance, engine performance and asrcdynasics and drags
established, it is now possible to present detalled examples of how the pet force go-
efficients (cT - CT - CD) at %a = & ard § in the main tex: were generated, Specilisally,
X 8
the cases for vhich C. = §.382 at L 5, a=0and ER =1

{3
for the nose inlet and ¢ = 160% ¢hin and aft entry inl

oty wiil be used as examples.
Note that HDES = 6 and Ah’*z = 5.0 in all tlree cases and thaet an iterative procedure
15 required to arrive at the ﬁsia. needed to produce & Cp = 9.382 2 B, = 5, s =0 and
-
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D B

ZR = X, The sxezzples, however, only include the final computations.

he inlet geometric are
4 the maxizum contract

T—

Ll

Y

¥ and & need to be establis
ie designs considered are ¥
iy zerp 1ift trajectory
negative 1ift during th
1se altitude. This gener
a is reguired to calntain 1 ¥g®

H

o

TR

Consegquentiy, = = I at ?o 2 6 have been assu—ed as
of princizal 2 cour in terninal maneuver st

¥ith the th ed to determine A /A, = [ (§c’ )
Pig. 7 for {4 g , respectively, for %olﬁg of
g =

Py

. ire zinmizmus of these values is

ag the =axizm gzch inlet type. For the nose and
inlets, the = s = 0% an¢ (A./A) ., = 5.24/0.745
the ¢ = 166° .. = 8.32/0.756 = 106.52% which oce

“
3]
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O b be
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[
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-~y
N
o
ook
.

[+]

urs

5, then (aifal)_u_ax fer the

il

A

=
=
=
=

>
at M =k, a=45% as
Fig. A-31, where {éifé 3

-
differant hounds on o &

1
]
[
L]
o
"

3
et would be 5.813 which
t would be 7.885

ry of these resulss for ail valiues of ¢ is presente
%

nlet szile angle using the two

esainder of the components of the nes

L)
5]

9.382 for B, = 4 ER =1, and

&2 to obtain the dreg coefflicients are:

e=® (177.0 10.9)
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ry « 30,8 (12,14 in.)
30.8 {1.2/10,529) V2
r = 308[1-q. .52]
R
* 20.0um (11,42 4n.) )

Howaver, to Lo consjstent with the inlet flowllelds gererated in Figs.A-1l ard A-12, x'i”‘n = 1,667, Therefore

e ]
L]

30.8/1.667
r = 18.48n (7.27 4n.)

(28,48)% (200/360)

« 596.00n% (92,39 1n.%)

Aun 5 = #(25)° - 2327 - 596.0

x
n

=_t0:5er? (628 tn.?)

Ao 245 [2¢ (30-8) (160/360) + 2(30.8 " 18.48 ) (0.25%)
« 2B.loor? (520 n.?)

L, = (26 (2 q8.18)
= %.2em (37.83 in.)

Ry = (8/1) (172,6) (96.1)7 (200/360)

= 3542 enl (549.0 1n.%)
Ly = forebody cyl. lergth = 10 (15.48)~ i,
» 88.7em (34.92 tn.)

A ® (400-184.8) (x) (50 +

(88.7) (2¢) (18.48) 00/360)
= 39,582 (6126.4 1n.?)

By = 3,525+ 302
= 143,067cr2 (6675) n.?
The zero Jift drag coefficients at ¥ = & and o = 6° referenced to Ag are:
cDadd = {0.08)N1.48 = 0,0270 (Fig. A-12)

G = (617 x 207 (6.28) = 0.0010
oW

¢y v (6.32x107) (Wk0) = 0.0278
1e

Hote that a t..'»!o offset of ~0.1 is used for the aft entry cD and CD in Pigs. A~26 and A-27, This is because
(3] (13

e ¥ach mumber on the inlet's nose Just prior to entering the sccond corpression field is zoro to 0.2.
¥ach mmbers lower than ¥

= (0.0757) (92.39/30%.342) = 0,0230

v (3.53x107%) (6675) = 0.0235
= (.0092

O

= 0.00

Py

= total drag coefficient = 0,115

]
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o
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I At M= 8 am a = +5°, the drag coefficients are:
Cp = (8.2 x 1067%) (360/160)/1.48 = 0.0125
aid
G = (1248 x 207 (6.28) = 0.0008
[+
Gy = (3.88 x 207 (4.0) = 0.0171
Le
€, = (0.0638) (52.39)/304.342) = 0.0194
n
¢, = (1.52 x 107 (6675) = 0.0101 : )!
e :
= 0,0088
thw
= 0.0013 :
chr
¢, = 0.0228
- a
) MM =8ada=0% G =0but Gy = (C 016B)/L.4B = 0,014,
a add
Therefore,
Cp = 0.0928 - 0.0228 - 0,0125 + 0.01L4 = 0,0689
Again, the same procedure as before is used to obtain the values of Cp corresponding to 1\5/1\1 = 1.48,
3
However, at M, = 4, ER = 1 and a = 0°, A /A = C.470. Trus A/R) = (10.529) (0.47) = 4,949, As/A = 3.149 and
| Gy = 0.972
'! g
| Cp = 0.1145
1
% n, R3]
i For M =8, ER = 1, and a = 45°, A /A, = 0.7€2, A/Ay = 8.023, A/A) = 1.942 an
i
. C, = 0.2290
< ﬁg
¢y = 0.0928
3 2 CTN = [p,1363
| For M, = 8, ER= 1, and o = 0°, Ao/Ay = 0.532, A/ = 5.60L, A/A = 2.782 ard 1
= 0.1730
¢, = 0,0689
=[0.3041}
i k! 1
j At crulse at = 8 and a = 45°, A/, A/, and Ac/A_ are the sane as when ER = 1, In this case, ER_ = 0.4l
ard the fuel flow efficiency 13 1.406 x 107 {lww/s)/ibf.
-]
5 1
1 =
a %
k g
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DESIGN CONSIDERATTON AND ANALYTICAL COMPARISON
OF DIFFERENT TYPES OF RAMJETS AND RAMROCKETS
by
)and Peter A. Kramex
Institut fiir Raumfahrtantriebe
University of Stuttgart
Pfaffenwaldring 31
D 7000 Stuttgart 80
Germany

Peter Benkmann+ ++)

SUMMARY

Several types of ramjet and ramrocket (or ducted rocket) propulsica systems with
hydrocarbon fuels for high sub-~ to supersonic missile application are theoretically
analyzed and compared. Designh considerations are discussed with respect to their
performance impacts.

Fundamental physical connecticns as well as mission and internal design variables
are investigated in order to give some insight into the ramjet”s and ramrocket's
performance and application potential. The results are presented in graphical form.

PREFACE

The results discussed below have been gained during an ongoing study under the
sponsorship of the Gernan Ministry of Lefense in cooperation with the industry and the
Deutsche Forschungs~ und Verxsuchsansgtalt fir Lult- und Raumfahrt (DFVLR). The purpose
1S to support ongoing experimental and desigi work with thecrtetical analysis.

The high level of the Specific Impulse realized by ramjet systems can sometimes
not be used because of the demand for higher thrust. Mostly the ramrocket can operate
at the higher thrust level but at lower Specific Impulse than the ramjet. The design
cf an airbreathing missile depends not only on “he demands on Specific Impulse and
thrust, but aiso on the limitations on combustion pressure and temperature and the
geometrical requirements. At a given 3ituation of altitude anrd “ach number under the
Iwmitations and reguirements mentioneé above che choice of . sufficient operating
systen needs a detailed insight in the mutual dependance of the varicus parameters.
Some theorztical layout of missile propulsion systems based on their benaviour is
developed for some gaven crateria e.g. flight situation and geometry. Fig. 1 shcws the
cross-section stations of the ramjet and the ramrocket {ducted rocket).

1. METHOD OF ANALYSIS

A comprehensive computer program has been developed to calculate the aero-thermo-
dyramic performance, i.e. the internal flow and thrust, of a broad variety of supersonic
propulsion systems including ramjets and ramrockets reop. ducted rockets {1). Thas
program has been criginally targeted on an air breazhing space transporte project (2,3).

A derivative of this program is being used for missiie propulsion as discussed here.
Table 1 summarizes the most importaat simplifying assumptions for the cases presented here.

*)Digl.'lna., Project Engineer, ++’Dip1.-1n§'., Head Chemical Propulsion Group
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Table 1: Analysis Methods and Simplifying Assumptions

?"9’ General:

One-dimensional flow

No wall heattransfer

Design point and off-design point analysis

Internal thrust only, noc external drag

Hot gas flow in chemical equilibrium except in nozzles

Specific Components:

)and

Inlet diffucser performance according to aza*
off-design correction according to Ref. 6
Combustion of all propellant combinations with

NASA $P-273 Frogram (Ref.7}.

Fuel: Ligquid Hydrocarbon, Cxidizer: Air, NZO4 resp. HN03
Mixing and combustion chambers with variable area and pressure
Nozzle flow with defined freezing point at the nozzle throat
Nozzle expansion to ambient pressure or to maximum engine
cross-section area

The comparisons given in this paper mainly show the two most important performance
parameters:

1. The propellant Specific Impulse I, as ratio of thrust to
total propellant mass flow, including oxygen when a rocket-
type combustion takes place.

2. The Thrust Density D_ as the ratio of thrust to maximum

F
engine cross~gection area.

Both parameters sre equally applicable to all air breathing, rocket and combination
ey ney 1 ™ 4 Set] - . > 3 3

propulsion systems without any liritations. The ?hrgst bDensity D. 1s shown here rather
than the more usual thrust coefficient 7.=F/0,5 ¢ V'A which 15 less useful at varying

F
and/or low speeds.

2. BEHAVIOUR OF A RAMJET WITH FIXED GEOMETRY AND TOMPERATURE LIMITATION AT CONSTANT
ALTITUDE

For a high altitude mi -":ile with a ramjet propuls
fixed internal geometry ana flight Mach number at cons 1tude have been investigated
thenretically and exper:imentally at the DFVLR at Braunschwelg/Trauen {6). The goal of

this study was to explore the whole range of physically existing solutions. Vet it

"

turned out that the simple theoretical model in use sofar was not sufficient for that

analysis. Therefore tne progran described atove has been adapted. For constant altitude

and variable flight Mach nunber nainly the internal gecmetry of the combuster and nozzle,

i.e. combuster exit/entrance and nozzle throat/cembuster exit, have been investigated

as parameters. Additionally a combustion temperature limit had to be considered. Fig. 2

£hows as an example the Specific Inpulse versus flight Mach number with § 3 g

and/or limitation of the tewperatare at the exit of the combustion chasber. The var:iation

of the flight Mach number results in a variation of fuel mass flow and Specific Impulse.

Considering the line for a fi.ed cross~section area £4=0 6, the specific Ipuise s
be !

rapidly descending from the beganning at Ma=2.75 (poinr A} to the end at Ma=4.

-~
=g
™
el
rr
[e]
—

>
with a slightly change of the bend of the curve. The temperatures are also varyin
the dash-pointed part of the curve (point B to C} reguires temperatures higher than th
considered maximum of 2000 K. Another curve {dotted line} is plotted for a fixed
temperacure and therefore a varying c¢ross-section area fy. Here a maxinum of I, s found

ry . s "
)RirCraft Industries Association {Refs. 4,5}
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at Ma=3.25. A third curve combines the limitations of the former two curves in the range

from about Ma=3.5(point B)to Ma=4.4(point C}, where at the former curves either the ?A3
temperature was higher than the allowed maximum of 2000 K or the cross-section area at

the throat was less than the fixed value of f3=0.6. This combination of the two procedures
with its limitations requires a diminution of the density of the inlet airflow. This can

be realized by a supercritical operation of the inlet within a cecrtain range which has

still to be defined.

This third curve (solid line) £fites the dash-pointed part of the curve with 53=0.6 and
variable temperature. For the curve from point A to D the behaviour of the total pressure
at the end of the inlet diffusor and of the temperature at the ends of the inlet and the
combustion chamber is shown in Fig. 3 and 4. At low Mach numbers, the critical cross-
section area of the inlet diffusor 1s less than the cross-section area at the throat.
Without any combustion one obtains thermal blocking at tae throat {point A at Fig. 2).

. ncreasing the flight Mach number decrcases the cratical cross-section area of the
inlet diffusor. So combustion cannot satisfy the fixed geometry reguirement. This happens
at about Ma=4. The total pressure curve with loss in Fig. 3 shows a maxaumum at about
Ma=4. From Ma= 4 increasaing the Mach number decreases the %Zotal pressure and increases
the critical cross~section area of the inlet diffusor. The fuel mass fiow decreases,
temperatures decrease as in Fig. 4, passes the temporature limit (point T at Fig. 2),
and finally no more combustion or fuel mass flow can taxe place at Ma=4.6. Here th
critical cross section area becomes equal to that >f the throat,

3. DESIGN PROCEDURE OF AN OPTIMUM PAMJET~-ROCKET COMBINATION SYSTEM (DUCTED kOCKET] FOR
A GIVEN FLIGHT SITUATION AND GIVEN BOUNDARY CONDITIONS

Specific Impulse I, and Thrust Density D. are the most important design-valuves of a
ramjet engine beside its spacific weight (weight per unit of thrust). Modern miss:ile
requirements tend towards high flight Mach numbers and long ranges. The pure ramjet does
not necessarily fullfill the thrust requirements for high speed missiles at low «ltatudes.
The combination with the rocket cycle can but Goes not always improve thrust with a
penalty in I, To define the op:imum propulsion system >f this £- 1y ihe whoite spectrum
of the pure rocKket over the ramiet-rockeis to the pure ramijet has to be considered.

For example a propulsion system of this type for a cheap target drone shall be designed
for a sea level mission at Ma=2.5. ?ive different rocket gas generators have been
combined with the ramjet cycle and plotted over a wide range of air/gas - mixture ratios
in Fig. 5. In this case red fuming nitric acid has been used as the rocket gas-gensrator's
oxydizer. The rocket gas-generators have a range of mixtare ratios fron stolichicmetric
(curve 1) to extreme fuel-rich (curve 5). This leads to a ramjet afterburner from pure
mixing without secondary ctombustion to nearly all-secondary combustion like in a pure
ramjet.

The other three cases are located in between the extreme ones as true combination
systems (ducted rockets). Fig. 5 shows the characterist:ic values Is and 9? over the
secondary {ramjet) mixture ratio as the independent variable and the primary (rocke: gas
generator) mixture ratio as parameter. Additionzlly the primary and secordary combustion
temperatures have been introduced as boundary conditions.

These Zour diagrams car be used as a rapid graphical design methed for ducted
rockets. For the example discussed here an estimated drag coefficient for the given
constant flight situation and the reguirement to launch the missile out of an existing

i
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H
M

launch tube with a given cross-section area leads to a minimally required -

D, =1.9x 10° N/mz {piagram 1).
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All curves below o do not fullfjill the thrust requirement. The proiection of the
“min
Iimiting points of tle curves 1 o 5 into Diagram II cuts off all Is curve piecces with

insufficient thrust :dotted lines}. In this case here the ramjet-like curve 5 gives the
best values in IS wi-h sufficient DF' Projecting the limizing points into the temperature
ciagrams III and IV «onnects the zs and DF curves with the related combustion temperatures.
A chosen temperature limitation in the secondary combustor (ramjet) of 1000 X cuts Off
most of the solid 1li es in Diagram III. Only curve 1 {stoichiometric rocket gasgenerator}
and curve 3 are left & further temperature laimitation of 2200 K in the primary combustor
{rocket gas generato ) finally leaves only curve 3 in Diagran IV with an /£ = 2.47 ratio wfiich
£fullfills all require ants. A ratio of a/f=28 leads to an optimal ig value. This gives

a relatively well def ned set of preliminary design values for that engine. Yet in
practice one would increase the limiting temperature in this case here in the secondary
combustor te 1100 K i: order to make use of the twofold Is of curve 1 (ramjet-like systexm}
compared to curve 3 (lucted rocket). This reguirement is an adéitional result of that
graphical short analysis.

4. BEHAVIOUR OF A& RAMJET AT DIFFERENT FLIGHT SITUATION

Similar to the case of the chapter before a pure ramjet engine shall be designed for
several different fI ight situations and for & pregiven minimal Thrust Density 9?
Considering four fl _ght situations {(altitude O xm - Ma 1.9, alt. 3 km - Ma 1.8
ale, 6 km - ¥a 1.7, alt. 10 km - ¥a 1.6) there is a typical behaviour of D
on-C.Ssign behaviout 15 plotted in Fi5, 6 anxd 7 with the according minimun ¢

ment

The curves of the Specific Impulse for the four situations are overlapping. Only at
higher altitude

high excess air the curves are spreading, where two opposite trends exist: 3
increases the Specific impulse values, but lower Mach numbers decrease them. S

o with the
given high Mach numbers at low altitudes no specific trend of the Specific Impulise values
can be predicted. In addition at high exXcess air a1 aximum of the curve may exist. Yet
the Specific Impulise at lower excess airx, where the thrust requirements are fullfilled,
is much lower.

in the chapter pefore the basic desigrn consideration has been made in the diagras
for D, (Fig. 5} rather than in the diagram for I_ (Fig. 7). High fiight Mach numbers and
low altitudes increase the D values. In addation to these flight situations excess air

leads to a rapid increase of DF' Flight situations with lower thrust values nesd much
mere fuel for the same increase of D,. At the D, 1

* “min .
highest altitude and the lowest Mach number requires stoichiometric combustion. At higher

o

ne the flight sination with Lhe

aititude anc lower Mach numbers the Dg requirements cannot be satisfied at all.

5. VARIATION OF SOME ENGINE PARAMETERS AT CONSTANT FLIGHT SITUATION

The examples discussed before of possible ramjet ané ramrocket resp. ducted rocket

designs show tnat the behaviour of the Specific Impulse and of the Thrust Densicy cannot

wm

be predicted by experience. This is due to tho coupling of all effective parazeters like

pressure and mixture ratio in the primary rocket gas generator, cross-section area ratic

Eppr———

and mixture ratio in the secondary ramjet combustor. Thus, decreasing D, values are not
coupled with incroasing IS values and vice versa. Generally, ramrocket ;eso. ducted

ket propulsion does not necessarily deliver higher D? and lower Ea values than pure
ramjet propulsion. For a flight situation like Hach=0.8 at sea level the four parameters

just mentioned have been 'ar;ed.

»
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Flg. 12 Orff-design performance:
Design point at Ma = 3, sea level altitude
Specific Impuls, Thrust Density and fuel/air
mixture ratio versus off-design flight Mach
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DISCUSSION

R.Marguet 7
Quel est le domaine d'utilisation pour les cycles que vous envisagez?
Author’s':kegly
Tiie applications are mainlv for target drones and low altitude, high Mach number ramjets,
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3 PULSEJETS AND ALLIED DEVICES 5=/
THRUST, SUBSONIC, PROPULSION APPLICATIONS l/ =

A.C. Kenifield, Professor
ment of Mschanical Engineering
niversivy of Calgary, Calgary, Alberta
{anada
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SUMMARY

A review is presented of predicted flight performances, based on well established
static test-stand data, of current technology valveless pulselets and comparisons are made
¥ith alternative forms of propilsion suitable for small, subsonic, vehicles, It is shown
that valveless pulsejevs have some performance advantages over other forms of propulsion
for short<range missions reguiring low thrust levels of less than about 600 Newtons (= 138
ibg)y.  The advantages of valvelsss pulsejets in terms of simplicity when compared with
other propulsicn systems zre alsa shown to be substantial.

Possible ways of improving pul
involve means for obtaining i
ly-firing pulsed combustors and el o

_exchangers.,

ﬁ%§ﬂ%mmwamdmwmﬁ.TMSnwmcmﬂwmd
preconbustion charge compression using twin alternate-
sophisticated units incorporating dynamic pressure-

[0 1]

1. INTRODUCTION

Whilst the writer is of ¢ that the best and most generally uszful applica-
tion, in the field ¢f fiight n Jer valveless pulsed combustors liss in pressure-
gain combustion systemsc Tor of se conventienal gas turbine engines, there appears tc
be a potential for rather restrictive, and selective, applications in which pulsed combuse
tors, or more specifically pulsel=ts, are used in their traditional role as thrust produc-
ers. The prime motivation for in arperating a pressure-gain combustor in a gas turbine is

+

to generate an iucrease of stag 7 Pressurs, 2eross che combustion systvem, in addition
to providing the temperature ris scciated with the conventional steady flow combustor
for which the préessure-gain copbustor is substituted. It appears that Reynst was the
firat to suggest this applicazior of vaivelsss pulsed combustors {1). Recent wurk (2,3
has shown that a 63 stagnation pressure rise can be achieved at 2 stagnation temperature
ratio of 2.5:1, under laboratory conditions, using 2 =mall [2.875 4in (73 mm) combustion
Zone internil diameter] valveless pulsed combustor. There is a promise of graater pressure
gains from larger units,

The use of a pulselet as g thrist producer is in some respeets & type of appliicatien
which is easier to implemen t & gas turbine pressure-gain combustor because the pulse-~
Jet does not have to be inteyg ¥with turbo-machinery. However, the desirability or
‘otherwise of pulsejets as a p ision device clearly depends upon their performance
characteristics compared with se of aiternative propulsion systems. The general pro-
portions of a highly rated val 58 pulsejet developed hy the French company SNECMA angd
further improved by Lockwoos {4} are shown in Fiz. 1 (a). The device consists of a short
inlet duct leading into 2 sh vy, enlarged diameter, combustion zone connected at its far
end to a long divergent tai cipe. 4 shorter wulifnle inlet version developsd under the
wWriter's direction appesrs in Fig. I {b}. %The essential philosophy of the multiple inles
concept is Lo reduce, in acproximate propeortion to the reduction of length, the time
required for the mixziag of air, fuel and residual products of combustion. This is accon-
plished by reduciag the representative path length, proportional to the inlet diameter,
which particies of air, fuel and sesiduai products must traverse during the mixing process.
This concept is described in more debaii elsewhere {3,5). .

An inherent problen v king with oulsed combustors, is that of predicting, ang
consequently obtaining a 4 = understanding of, the non-steady {low events occurring
internally. For highly ra H s potentially suitable for propulsion application it
is virtually essential to us of-characteristics type theoretical treatment.
However application = ulsejets presents a number of problems associated,
primarily, with the ¢

Iin

iing the combustion process in a satisfactory manner.

The pevformance prediction &

d other aspescts of pulsejet design, operation
and performance will now be con

2.  THEORETICAL TR

The method-of-characteristies involv S, in eflect, soiving simultaneously the equations
for continuity, energy and rcment : me dependent flow field. The appropriate 8if-

férential eguations are of & ) type. Detalls of the procedure can be found in
many texts on compressible fiud

sined at The University of Calgary, due to Harzouk (6), was
tion for a cold=flow simulation of a very simple configura-
tlet of uniform cross-sectional area. The solution, in the
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forn of a wave diagram, was used to check a computerized represenzation of the cold flow
model. The numerical technique employed for handling the forward (time) stepping procedure
was that known as the Hartree backward difference technique. A deseription of the cold
flow model, including the boundary condivions used, has been given by Marzouh (6.

The next step, in order to advance beyond a cold-flow model, was to model the combus-
tion process itsell and combine such a model with a hot~flow method-of-characteristics
representation of the tailplpe and inlet flows. ttempts were made 0 represent the com-
busvion process using various overall reaction rate type models but these did not yield
realistic rates of pressure rise corresponding to those measured experimentzlliy. Accord-
ingly, it was finally de2:ided to represent the combustion process by an empirical heat-
release rate model the heat-release rate varying during the combustion process. A useble
nodel of this type was derived by M. Rehman (7) and later incorporated in a hot-Ilow type
method-of-charvacteristics computer programme by Cronje (8). In Cronje's model the heat
released during the entire combustion process was made proportional to the mass of air
inhaled into the combustion zone during the intreduction process. A typical result, dus
to Cronje, for a configuration with a taperad inlet and tailpipe 1s shown in Pig. 2. The
pressure~time trace of Fig. 2 agrees very closely both in magnitude and duration with
experimentally cbtained traces.

I c¢an be said that further werk is needed in order So model, correctly, the combus-
tion process. A successful and generally applicable model of the combustion process
should, ideally, then permit valveless pulsed combustors to be designed, and their geometry
optimized, by use ¢f numerical procedures only. HNevertheless, at this stage it appears,
on the basis ¢ Cronje's theoretical work (8), that the SHECMA/lockwood configuration is
an optimum one as atstempts to evolve a configuravion having a superior performance, by
modifying the parameters defining the geometry of the numerical model were unsuccessful

» -

From the plot, on Fig. 2, of dimensionless velocity (local gas velccity divided by
the acoustic velocity at ambient conditions) for the inlet flow 1t is apparent that 2
substantial backflow occurs, as indicated by the negative value of U, from the open end
of the inlet. fThiz, of course, gives rise to 2 transient reverse thrust unless this back-
flow is rectified, or redirected in 2 rearwards direction,

3. FLO¥ RECTIPICATION

There are at least three possible ways of handling the backflow from the inlet of =
valveless pulsed combustor. One possibility is to use an intake flow passage offering a
high resistance to backflow but a low resistance to inflow. Devices of this type, ususlly
¥nown as fluidic diodes, have the disadvantaje of introducing strong irreversibilities
into the flow system. Another, more attractive, possibility is to employ a rearward facing,
inlet {or irlets). On the basis of flow visuzlisation evidence (2,9) this concept can
result in pocr mixing in the combustion zone when the inlets are attached to the same
end wall of the combustion zone as the Jailpipe. When this latter problem is avoided a
very good performance can be obtained as evidenced by the SHECHA Ecrevisse (Crayfish)
pulsejet)unit although induction problems can arise if 2 suitable engine cowling is not
used (16).

The third solution is to employ a flow rectifier, a ®heavy current” f{lutdic device,
which redirects rearwards backflow “rom a forward facing Znlet vhilst offering minimum
interference to inflow. Two types of rectifier are shown; one is i1llustrated in Pig. 3,
the other in Pig. 4. The earlier device, known as an auxiliary passage flow rect.fier,
shown 4in Fig. 3, relied =pon a combination of Coanda effect and a gas curtain to deflect
backflow (indicated by the arrows in the upper portion of Fig. 3) inco a return bend.
During induction flow passes more or less directly into the pulsed comitustor (or pulsej- t)
intake as indicated in the lower portien of Pig. 3. The concept works, so far as can be
established, perfectly in the sense that there is no backflow from tiue air irle . Simpli~
fied single outlet asymmetric versions ¢f this device were also develr ped which were
equally effective in inhibiting backflow from the air inlet.

Unfortunately the presence of 2 rectifier of the auxiliary pessage type £:rves S¢
reduce substantially the thrust producing performan.e of highly rated pulsed combustors
to which it is fitted. It appears that this problem i1s due o the intimate coupling,
within the rectiflier, of t™e inflow and ouzflow pa ages.

Figure 4 shows the most successful of the rectifier concepts tried. This is, in
essence, a venturl type non-steady flow thrust augmenter of the kind picneered by SNECHA
and Lockwood {11) but bent around into a U shape so that the backflow entrrins uir from
the inlet into the convergent-divergent return bend (12,1.). The virtues of this Arrange-
ment are that the raturn bend portion of the device is uncoupled f~om the pulsec dondhustor
inlet and the additional air entrained actuaily results in a small thrust augmertation;
the thrust increase more than olfsets the losses due to turning Lhe “low cnrough 130°.

AS with the earlier Gevice there was no detectable backflow from th: inle* porte

¥igure 5 shows the performances obtained by regulasting the fuel inflow rate of a
propane fuelled 2.875 in (73 mm) diameter SNECMA/Lockwocd type pulsejet tested ctatically
with ¢wo veisions, an early and also a more sdvanced form, of the auxiilary passage [low
restifier shown in Fig, 3. Pigure 5 z.s0 shows results obtaines with the thrust augmenting
type rectifier of Fig. 4. The resul. for the "no rectifier case was achieved by simply
adding the opposing thrusts, as measured using thrust plates, due to the tailpipe flow and
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from the inlet. Iv should be notéd that all the resulis shown 1n Fig. 5 were

bagklliow f ) 7
obvalned ab a test site located 3600 £t (1096 m) above sea level; the test results were /¢-3
fiot corresctad to compensate for alpitude.

4. PUEL SYSTENS AND AUKILI ARIES

Gasacus or iiquid fuels are usually 1njecteé, under g?ﬁssure, into either the inlet
dact or the ¢ombustion zone of puizeleis from either 3 single injector or a series of
injectors. A system-of this typec implies that either a areqsnré—guﬁp is available or a
;ressnr*saé ’uel tank is employed. The latfer arrangement has obvious advantages from
th v*e:pa T of simplieity. The only other auxiliary equipment needed is an ignition
system and aﬁ air et $o initiate flow through the combustor. Siﬁcﬂ both the ignition
systelx and the air jet are used urli at starct-up they do not have to be carried in the
fiight ~ehicle.

Pigure § shows & relatively sophisticated alterastive fuel system, sultable for
gasciine or kerosene type fuels, featuring & carbuvetor znd nence not requiring a pres-
surized fuel tsnk. The sysvem shown was actually éﬁsigre& for & hKigh intensity hand
neld space-heater {18)}. The fuel is puzped from the tank ¢ the carburétor by wesns of a
préssure~pulse sctuated diaphragm pump. 7The pressure pulses are derived from the puissjet
itsslf, Thz remaining items &re not reguired onée the engine has starved and do net,
therafore, have to be carried onboard the flight vehicle, 4 develeped version of ths
system 1llustrated in Fig. € has now been Gge*aficnal for several years irn connection
with the space-heater application. The pulsejet unit of the space-neater is of the single

et SNECHMA/Lockwood type and has & combustion zone diameter of 3" {76 mm}.

INFLYENCI OF PULSESET SIZE OK SPECIFIC PERFORMANCE

wr
h

During the course of Lhe work reported here the vyrlier bocame increasingly concernsd
gbout possible influences of unit size ¢r ssale {1%). Hormslly, in order %o avoid fuel
handlirg and storage oroblems and alse pf’&iems due to thermiily cvevicadinZ the lasoratory
eﬁa;rc. dgai-uauarui bjst“; e;;eﬁimen*s vare praferentially restricled tc reximum Shermai
cutpy 1= 150 k¥}l. Surpuls of tiis &ag&it‘de @re achieved
qu ke easi‘§ si h ﬁ‘*ﬁ 5 rated ;a‘ve;ess pn;se*aﬁs of sbaul 3 in 1= mm} s*amater. Ac=

cordingly, a apecial “study ¥ss carried out to =sisblish the influences o szale on
specific purforpance of valvéiess ;a}seéeas. Thé results cf this study ha *é
=1 full by A. Rehman (16).

The gzsential egted at establishing the iﬁf*ae ice of 33127 on
the performansze of gslsejevs are gisplaye : Pags. ? anF &, Tigure 7 shows pluts sf
apeci thrust varsus 2025 bustiocn zene dizmeter for thres types of valvsless gussu 2%,
The upper curve rslates ud units sr ;“ﬂ 2X EQ%hthﬂf%G“ﬁ type uning propane fn = gasoline
fuel sabpiied undar presiure. sEvend tF e pulse;ats
eguippec with 3 IZgrburetor in t‘ e, Tne icrFest curve

("X

wpplies to pvc‘are or butans ’ue ea agiseje§~ ;ﬁnu;eﬂttreﬁ b3 e The ,QSaef COmpPany.
-FThe infgraation reia*in§ c from Thé 1iterature {17, Information
corresonding to thn af spacific fu2l Quneumﬂtlﬁﬁ ¢f vhe units,
is displayed in ?ig. ‘&, ~f Figs. 7 and £ is that the spesific
perforzance of moat highly rad ApoSears to if:rease #ith inereasing

¥
gombustion zone diamefer. In gésﬁhié which é es tﬂ corralate the
iz

thrust performanse skﬁeare in 7 ionsnis 1 * speclific thrust
Hore detallsd conazissration of fne rszasong for tne cnaerved beha?zﬁar ina; ate that she
basic Teazurz 1~ rh:* the prelat *ve s’sn;ficaace of fricticn 1ssies deécremses with inereags

ing Reynolds numeeér. Less imoor u-ly hE relative sign?
with inzreasing covbustor sgig,r Zence, large valveless i
spaci performauces than small ones. The whole matter
eigexhere {3,156},

ficance of 3¢ loss deereasss
glets t to have bstter
15 discussed in much morz detail

5.  FERFORMANGE EZPECTATIONS

4

- Bas=# ~~ ‘ata displaved in Flgs. 7 ara 2 augmented by &
Tica desigr - © eg, the cﬁaraegerigﬁies are ;*eyengeﬁ 1ﬁ
inlst SNECH a»;ﬁ type pulssjers eguipped with fliow
T .cure and locarion of the shroud duct red

€ 2 prasents cor:esponding informatiSa to that ¢f Table 1 but fo feur-
/pe pulsejets. It is ﬁéyeﬁgﬁthy that She apeaific welgh. of the four-ialet type
excedds that of she single inlet variety dus to the iowsr specifi:z thrust obtain~

able, It iz probabis %iéu more than *sqr inlets ﬁiil be optimal for units larger than 3

in (7% om) combustion Zone diameter e hat & inlets 43 the mﬁximuﬁ prac~
tical number for tha 3 n {?5 ) ﬁiag%,er = €. %;;sthesis_dg with the number of in-
jets fésults s rmation presented in le 3. The Iatter tatle sﬁga;é_ﬁé Antsr-

preted as conjecture somewnat gulded by experiment. -

The thrust-to-welight [ 4 in the three tables are reg zrﬁe
and are reprisentative of ues which Should be achisvable with fair: ]
which may, [y exswple, be suilable for, say, recoverable, and rsusable, fargét drones.
For somt applications the grect length of the single Inlet concept rmar astuslly be advin—
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TABLE 1

SINGLE-INLET TYPE PULSEJEIS

DIMENSIONS ) ) THRUST: WELSHT i
Max. |s.r.c. ar| RATIO (ESTIMATED) | MAX THRUST |max THRUST
bomBUSTOR |ovERALL |S.L.S.| Max MIN. Jin2 /L
INT. DIA D|LENGTH L | THRUST | THRUST S.F.C. 7
b, |1b /1boh |1b /lboh | FEIH 5o 1b,/in? 1b /1t
in in T m’ +P5 w’ 107" | supoup | suROUD e Iy
{mm) {mm) 1¢:7) {kg/¥.n} | (kg/N.n)} | DUCT pyeT {kn/m?) (N/m)
3 54,5 14.¢ 2.6 2.6 2.6 5.0 2.01 3.13
{76) {1385) (63} (0.265) (0.2565) {13.82) {45.8)
6 109.0 82.9 2.1 2.1 3.6 5.7 2.91 9.03
(152) (27603 |(388y | .2y | (0.210) (20.02) }(232.5)
2 163.5 219.0 18 1.8 3.4 5.4 3.4% 16.07
{228} {4148) |[{970) (o 18 {0.184) (23.70} {235.0)
TABLE 2
POUT-INLET PULSEJET CONFIGURATIONS
DIMENSIONS THRUST: WEIGHT
HAX. | S.F.C. AT RATIO (ESTIMATED) | MAY THRUST | MAX THRUST
COMBUSTOR |OVERALL [S.L.f.| HAX HIN. Jine /L
T%T. DIA D|LENGTH I | THRUST| THRUST s.F.C. P
. , WITH O . 2 .
tn 1n b | 1b/1beh 118,/106R | sypoup | swroup | 1De/2R 1bg/Tt
(mm) {mm} (8} (kg/¥.n} | {kg/H.R} | DUCT LUCT {(kn/m?) {(§/m}
3 2.0 9.5 2,2 1.8 2.0 2.8 1,38 2.71
(78> (es2) |(uz2.3)] (0.2:27y | (0.28%) (5.23) (39.9)
6 g4.0 560 2.0 1.6 3.4 4.9 2.41 .71
(152) (2130) | (303) | (o.20%) | (0.163) (18.60) | (252.3)
9 126.0  [171.0 1.7 1.4 3.1 a4 2.69 16.29
(228 (3200) {(760) | (0.17%) | (c.143) (18.55) | (239.0)
TABLE
HULTIPLE-INLET PULSEJET CONFIGURATIONS
DIMENSZONS THRUST: WEIOHT
- MAX. | S.F.C. AT RATIO (ESTIMATED) | MAX THRUST | #aX THRUST
COMBUSTOR | OVERALL | 5.L.S. | MaX MIK. JEp2 /L
INT. DIA D |LENGTH If THRUST| TERUST $.F.C. 70
: No. CF
INLEDS . . o ey | WITH 1o 2
NO. OF 1, | Ab/ibeh |10, /1bch ] eppoup | supowp | 1P/ ibg/fs
(me) IRLETS] (m=) | {8) | (kg/¥.n) |(kg/N.R) | DUCT pucT | (ka/m?) {(8/m)
3 42,0 3.5 2.2 1.8 | 2.0 2.8 1.34 2.7
(78) (1062) | (32.3)] (0.217) | (0.184) (9.23) {35.9)
& 66.6 68.0 2.0 1.6 4.8 6.5 2.51 :1.9¢
(152) {1740) {303 {0.204) {G.163) {1£,83) {175.C)
g 8 89.1 | 171.0 1.7 1.4 £.5 6.4 2.89 23.0%
{228) {2260) | (760 {0,274 (0.153) {18.55) {325.0)

tageous 1P, for example, the pulsejet tailpipe is also used as &

& very simple vshicle.
from the hot sscvion of the engine.

of ramjet assistance, and drag reduction, under flight conditions.

t : £ail suppori structure in
The shroud duct should be useful in minimising side view
It may alsc be possible to achieve z useful
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7. COMPARISON WITH ALTERNATIVE PROPULSION PLANT /b:f’

The single-inlet pulsejets of Table 1 have been compared with conventionsl gas-turbine
turbojet and tvurbofan units. Data for the gas turbines were cobtained from the iitersrure
{(18). Turbojets and turbofans intended purely for 1ift purposes were omitted from the com-
parison although derivatives of these types intended for a thrust boosting function were
included.

Figure 10 presents plots of thrust per unit frontal area versus sea level (static)
thrust for static engine operation. It can be seen from this figure that pulsejeis are
only competitive for very low thrusts which are generally applicable to unmanned vehicles
such as drones of various types. The corresponding specific fuel consumption relationship
under static conditions is presented in Fig. 11. Here p-lsejets are not really competitive
although it will later be shown that forward [light can result in a significant reducticn
in the specific fuel consumption of carefully installed pulsejets. Nevertheless, the im-
plication of Pig. 11, other considerations aside, is that if a pulsejet is selected pre-
ferentially it is only likely to be an acceptable unit for short range missions.

Figure 12 shows that the uninstalled thrust-to-weight ratio of valveless pulsejets
appears toc be quite competitive at very low thrust leveis. It may be possible, with a
more sophisticated, but probably more expensive, design approach than that seiected Ly the
writer to move the maxima of curves 2 and 3 further to the right.

An important characteristic of valveless pulisejets which is not apparent from any of
three previous curves is simplicity and, as a consequence of this a potentially high re~
liability, Whilst highly rated valved pulsejets have earned a reputation for unrelisbiliity,
due primarily to short flapper valve life, valveless pulsejets appear, on the basis of
fairly extensive running experience, to be inherently reliable since, provided a pressur-
ised fuel supply is used, there are no moving parts coperating &t engine freguency.

8.  INFLUENCE OF FLIGHT KACH NUMBER

The influence of the flight Mach number on the performance of a pulsejet appears to
depend very strongly on engine characteristics and the nature of the installation. Figure
13 shows the influence ¢f flight Mach number on the net thrust and specific fuel consump-
tion of a Dbasic valveless pulsejet intended primarily for educational purposes. The unit,
which 4s equipped with an auxiliary passage flow rectifier (Fig. 3) 1is "streamlined™ oniy
in the vicinity of the [low rectifier. The installation is thus of the simplest xind.
Furthbermore the engine, which is of 6 in (152 mm) combustion zone diamete+, has a static
thrust rating of -~nly approximately 103 of that of the highly rated unit of equal diameter
1isted in Table 1. Hence it would be 2xpected that the educational pulsejet would be
relatively sensitive to drzg and other influences of the free stream. The solid iines in
Pig. 13 show the performance as measured under simulated flight conditions. The dotted
curves were obtained as a result of attempting to correct for external drag and hence
establish the true engine performance. The relatively significant increase in net thrust
with flight speed is thought to be due to improved breathing due to forward speed. It seems
reasonable to expect this effect to be less significant for more highly rated valveless
pulsejets installed in such a simple way. The performance peak, apparent in Fig. 13, would,
presumably, also cccur at a higher subsonic Mach number with a more highly rated unit.

If Fig. 13 i1s regarded as one extreme featuring a very modestly rated unit installed
in a2 very elementary way, Pig. 14 can be thought of as at the opposite end of the spectrum.
These data, due to SNECHMA (10),.are for simulated fiight up to a Mach number o 3.8 obtained
with a very carefully packaged Ecrevisse unit. A unit of this type was subseguentiy flown,
in a drone type alrcralt powered only by the pulsejet, at a Mach number of 0.85. The
reasons for the large gains in performance at high subsonic Mach numbers apparent in Fig.
13 are presumably due to a combination of improved breathing, increased intake density, a
bonus due to a subsonic ramjet effect superimposed on the pulsejet cycle. It is worth
noting that the gaing in performance rresented in Fig. 18 are such as to make the Ecrevisse
valveless pulsejet highly competitive, from a performance viewpeint, with many turbojets
at high subsonlc Maech numbers.

¥hen a valveless pulsejet 1s to be considered as an alternative to a piston engine
driving a conventional propeller for applications in relsztively low speed vehicies the low
welght but high fuel consumption of the pulsejet renders it competitive on a taxe-off weight
basis, only for short fiights of atout 20 ~ 30 minutes duration. The influence on perfor~
mance of altltude will not be considered here since this matter is handled relatively
easily by conventlional analytical techniques.

9. POTENTIAT POR PERFORMANCE IMPROVEMENT

The writer, and other workers, have gathered fairly convineing, but somewhat circum-
stantial evidence which shows that, at the condition of the maximum fuel flow extinction
point, highly rated valveless pulsejets appear toc be operating with a mean fuel:zir ratio
in the combustion zone of only about 50% of the stoichiometric value. If a way could be
found to approach, more closely, a stoichiometric miziure strength 2 substantial increass

<3

in thrust should be obtainsble for a specified frontal area and structural weight.

Another means by which an improved performance should be attalnable relates to in-
creasing the normally rather minimal pre-combustion charge compression. A possible azpprozch
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is to employ two valveless pulsejets each arranged to supercharge the othev mutually. Such
an arrangement is currently undergoing testing. Antiphase operation has been achievad
successfully, with an accompanying reduction of noise, however, mutual superchargs has not
yet been obtained. Figure 15 is a diagrammatic illustration of the twin-toupied unit to-
fechgr gith a schematic of a simplified wave diagram showing the gas-dynamic principles
nvolved.

Proceeding to a yet higher degree of complexity it may, in some ¢ircumstances, be worth
advaneing to a propulsion unit, also utilising non-steady compressible flow, based on the
dynamic pressurs-exchanger concept. Here a cellular rotor, with open ¢nded passages, runs
between two closely mounted end plates as shown in Fig. 16 {a). By providing such a ma=-
chine with suitably arranged inlet and outlet ducts a jet propulsion type unit, with either
combustion within the ¢ells or in an external combustor, can be contrived. If sugh a
machine were to be developed it would probably be of use only at low thrust levels below
the range of normal, reasonably efficient, turbc machines. 4 pressure-exchanger thrust
producer could almost certainly be arranged to h.ve a specific fuel consumption signifi-
cantly superior to that of a pulsejet. A low thrust per unit frontal area would prolably
render pressure-exchanger jet thrusters non-competitive with turbo-machinery for thrust
levels for which turbojets and turbofans are normally used. Figure 16 (b} shows, diagram-
matically, the construction of a typical pressure-exchanger. Further background material
on dynamic pressure-exchangers, explaining the principles involved, is available (19)}.

10. CONCLUSIONS

Experimentally obtained static performances have been presented of representative
current technology valveless pulselets and the performances of these units have been com—
pared with those of azlternative propulsors. It is concluded that current technology valve-
less pulsejets are best sulfed, in the subsonic regime, to apnlications where lcw initial
cost, simplicity and reliability are of dominant importance.

It is further concluded, from a performance viewpoint, that valveless pulsejets are
most competitive with conventional propulsion systems for applications up to {static)
thrust levels of about 130 lbg (= 600 N). The shorter the duration of the mission the
stronger becomes the case for selecting a valveless pulsejet in preference to an alterna-
tive air-breathing system. However, it should be remembered that other workers {SNECF:)
have succeeded in achieving a performance at high subsonic Mach numbers comparable wish
that of many turbojets,
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DISCUSSION

B.Sobers
(a) Was the design model computerized?

(b) Was the model used to design the unit that was flight tested?

Author’s Reply

‘ {a) Yes, the design model, which is bascd on the method-of-charzcterisiics as applied to one {space) dimensional
time dependent compressible flow, was computerized. Bricf details of the proccdure, with mention of some
of the restrictions, are given in Section 2 of the printed paper.

(b) The flizht vehicle referred 1o in the paper (Section B) was not due o the author. It was. in fact, a French
prototype vehicle, using a valveless pulsejet, built some years ago by SNECMA. This work is described briefly
in Refer=nce 10 of the paper.

R.Marguet {u French)

Vhat is the importance, from the viewpoint of military applications, of the acoustic characteristics of puisejet
propulsion?

Author’s Replr

The application uppermost from the feasibility viewpoint is that of the propulsion of smell. relatively low cost.
triget drones efc. For such applications the noise problem is not likely to be regarded as serious. If the device weore
1o be used for active military purpeses it may even be coursivable that the loud noisc could be advantageousin
helping to frustrate, whilst overflying encmy positions. orai communications =te, Certsinly any activity requiring
stealth is not 2 profitable field of applications for pulssiet powered vhiicles.

i

J
!

e it e

U utag e

PYRSPYWA

alliy

- i




e &

£
H
H

SUHMARY

Several rasrockst missiles under development

HULTIPLE INTAXES FOR RAMROCERETS

by
E.~0. Xrohn and %X. Triesch

Deuatsche Forschungs- und Versuchsanstalt

ar

Luft- und Raumfahrt e.¥. {(DFVLIR

Postfach 9C 60 52
5500 ¥8ln §0, Sermany

have a central coxzbustion-chamber and

)

..ore than one side-mounted intske - in general four. The junction o" gifferent inlet flows
in 2 coamon chamber causes, :.
ducts., The flow mechanism wil

developcd which calculates “he overall performsnce of

= 22T

1 certain cases, flow instability and flow reversal in single

% be explained by exapplec. A

cozputer progran ras been

the syste= frox single-inle: datz.

The results are compared with wind tunnel measureczenis. Methods for reducing the negative
effects of combining =ultiple intaxes with a comzon chasber are discusSsed,
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decrease in pressure recovery with angle of astack (25% for a = 15°). A two-dimens’onal
inlet with top-mounted ramp (1ike the Tornado inlet) would have a fundamentally difrerent
performance in this position: its pressure recovery would increase, the amount depernding
on the design. Finally, the inlet in bottom position has a pressure recovery nearly inde~
pendent of the angle of attack. The maximum mass flow of an inlet shows, in the various
roll positions, a dependence upon the angle of attack similar to the pressure recovery
surve.

3. COUPLING OF INLETS

How does a system perform in which several inlets are connected with each other over

a common combustion chamber? As long as the chamber pressure is so low that the inlet in

the most unfavourable position still works in a supercritical mode, no problems will

arise. This condition can - assuming a constant nozzle area - be practically achieved in
two ways:

- The engine is designed for optimum inlet cperation ~ meaning near the critical point -
at cruise flight. In this case the fuel flow has to be reduced during flight maneuvers
(1iquid fuel) in order to maintain supercritical operation in all inlets. This, on the
other hand means a loss of power just at the moment of increased thrust demand. This
procedure is therefore only applicable for missiles with moderate maneuverability
requirements.

- In the majority of cases the engine is designed for the critical maneuver case, keeping,
in general, the fuel flow rate c¢constant (solid fuel), Consequently, the inlets are over-
sized, resulting in increased external drag and higher supercritical normal-shock losses
at cruise flight.

These c¢onsideravions have raised the demand tc optimize the inlets for cruising, and
to allow suberitical operation during maneuvers. Initial wind tunnel tests with a 4-inlet
system (Figure 3) revealed abrupt changes in pressure recovery and mass flow ratio in the
subcritical regime even at zero angle of attack. In addition, a hysteresis was observed
when reopening the nozzle. Analysis showed that throttling below critical operation brought
only one inlet into the suberitical regime while the other three became more supercritical.
With a total mass flow rate of 65% the summation of the individual mass flows requires
reversed flow for the subcritical inlet with a rate of 35% of its supercritical mass flow.
The consequences of throttling this inlet system into subcritical operation can be summa-
rized as:

- Breakdown of mass flow by 30% results in loss of thrust and possible overheating of the
combustion chamber

~ Breakdown of pressure recovery increases the internal drag, ~ausing loss of thrust.

- Reversed flow in one inlet causes steep increase in external drag.

- Buzz in the reversed-flow inlet teransfers into the combustion chamber and possibly causes
flame-out or mechanical destruction because of alternating overlosad.

For the investigation of multiple-inlet systems in the supersonic 60-cm DFVLR wind
tunnel a model has been used (Figure &), which enavled separate measurements of mass flow
ratio and pressure recovery in the individual inlets by means of a guartered and calibrated
Venturi-nozzle, and total measurements by a hydraulically actuated choked nozzle. Asymmetric
inlet operation has already been observed with supersonic fighter aircraft having a twin-
intake system and a single engine. This has been investigated by BEKE (Ref. 2) and MARTIN
(Ref. 3) and related to missile propulsion by JELL (Ref. 4). The conditions leading to
sudden changes in inlet performance are discussed with the help of Figure 5. Two assumptions
are made:

- parallel entry of the flows into the mixing chamber. This is realized in the wind tunnel
model,and

- constant static pressure in the entry plane. This assumption is so far realistic (Ref. 3)
but errors are to be expected for strong reversed flows in single inlets.

Mass flow ratio and pressure recovery are related by the following linear expressions:
il
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That means: Operacing points for constant nozzle areas are possible only on straight lines
through zero. If for erample "b" is the critical operation point, a single inlet could
also operate subcritically at Yc" or "d" with the same nozzle area. If the system is sup~
plied by two inlete, one operating supercritically and the other subcritically, then the
system operating point "c" is only possible with a combination of points "a" and "e",
Accordingly, the following combination is obtained for a four-inlet system: three inlets
operate at point "a" and one at point "f". Theoretically, a solution with two inlets each
operating at "a" and "e" would be possible, but in pratice one inlet reaches the critical
point first-either because of fabrication tolerances or because of disturbances in the
entering flow. In this manner, the maximum slope of tre subcritical branches of single
inlets ‘n a multiple-inlet system is obtained. Exceeding this slope causes the described
unsteady performance.

These prelatively simple relations were the basis for a FORTRAN-prograr (Ref. 5), which
calculates the system performance from the knowledge of the single-inlet periormances.
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Two methods of solution have been investigated. In the first method, all possible combi-

nations of the single inlet operating points were calculated. Then the sclutions were i;LiB

arranged in order of the nozzle area, non-possible combinations eliminated, and one se-
lected in case of several equivalent solutions. This method gave good results only for
simple cases. With an increased number of points, the computing time and the necessary
storage capacity became too large.

In the second method, the operating points are examined stepwise on all single-inlet
performance lines. Cily those sointions are aliowed which give a steady decrease of the
nozzle area Ay when stepping through the regime from supercritical to suberitical opera-
tion, or a steady increase when going the other direction. The method will be explained
by an example with two inlets. The static performance lines of the two inlets (Figure 6)
are given by five points each (a...e, A...E) connected by straight lines. Four character-
istic operating regimes can be distinguished:

- one supercritical with constant mass flow, .
- one subcritical with falling pressure recovery, the slope is different for both inlets,
- one suberitical with slightly increasing pressure recovery, and
- one region witnout mass flow, representing the reversed flow regime in this simple
example,
In the diagram showing the calculated performance of the system (Figure 7) the appro-
priate operating regions of the single inlets are marked, the first number denoting inlet I
and the second inlet IX. Starting with both inlets in supercritical mode, inlet II resaches
its critical point first at "b". Since the slope of its suberiticzal branch is flatter than
the limit, no unsteadiness is encountered and the inlet runs through regions 2, 3 and 4
while inlet I remains supercritical. After exceeding the critical point "B" of inlet I,
the performance line falls continuously with inlet I operating along branch "2" and inlet IX
along branch "4", Reaching point "d" inlet II switches to branch "2" and inlet I to branch
"4", This event is accompanied by irregular system performance and by a sudden change in
external drag and longitudinal moments. After that the system performs smoothly again. A
reopening of the nozzle causes no unsteadiness at this point and the performance follows
a different path, so causing a hysteresis. At the end of line "31", inlet II operates in
supercritical mode and inlet I at point Yc¢®. Prom here inlet I "jumps" into supercritical
operation raising pressure and mass flow of the system by 30%. Irregularity can be avoided
by inereasing the Machnumber at station "2", because the slope of the subcritical branch
of the static performance line is reduced by this means. This method is, in general, not
practicable because of increased mixing losses.

A second example shows the attempt to calculate the case shown first (Figure 3). The
measured performances of the four single inlets have been simplified for the calculation
by straight line segments (Figure 8). The inlets showed consideraole differenzes in their
critical operating peint which can be attributed to high fabrication tolerances. A common
feature of all inlets was the absence of stable subcritical operation. £Cter exceeding the
eritical point, the inlets ran into immediate buzz, and dropped in pressure reccvery and
mass flow ty almost 4GX. With the available missile model the performance lines could only
be measured down to "zero" mass flow. The plotted reversed flow branch has been estimated
from different test runs with large-scale inlets., In reversed flow, below a certain flow
rate, the throat acts as a choked nozzle, and thus the operating points lie on 2 straight
line through "zero". The lowocritical pressure recoveries are produced by model-dependent
high subsonic losses (two 90 corners,Venturi nozzle,Carnot losses). Suberitical pressure
recoveries below normal shock values are possible during buzz, since the operating mode in
a buzz cycle varies between suberitical and highly supesreritical operation with accordingly
large shocx losses. The result of the calculaction (Figure 9) is not in ccmplete agreement
with the test results (Figure 3), but the tendencies are sufficiencly precicted, The saw~
tooth~like breaks at mass flow ratios 0.6 and 0.3 as well as the strong hysteresis Letween
th,/h, = 0.6 and 1,0 are in good agreement. A clo3er analysis of the calculated data shows
that first inlet IY and then inlet IIY] exceed tki critical point and immediately go into
reversed flow, and thus initiate the abrupt changes in performance. Inlets I and IV remain
supercritical. This result agrees with the tests.

In the last exampie, the angle-of-attack performance of a l-inlet system at Ma = 2.5
is investigated. The measured performances of a single inlet mounted on the side of a
missile in various roll positions is shown in Figure 10. The inlet station was 7 diameters
behind the body apex. The inlets were nearly free of buzz and had, in almoat all cases, a
steady transition from supercrétical te subcritical operation. Evidently the most problem-
agic position is that under 45 roll. An acceptable performance is obtained only up to about
47, At higher angles pressure recovery and mass flow exhibig a rapid decrease because of the
vortex influence, In the "x"-configuration two inlets in 45%-roll position are combined
with two inlets in 135°-roll position which show a moderate angle-of attack sensitivity
of less than 10%. A comparison between the computed (Figure 11) and the meawu:=d (Figure 12)
performance of the total system shows good agreement. There is a surprisingly large region
(shaded area) with at least one inlet with reversed {low. The culculation terminated here,
since no data with reversed flow were available for the single inlets. A comparison with
the single inlet performances shows clearly that the pressure recovery of the total systenm
is determinded by the "worst" inlet. To improve the performance of this system the entering
flow field had to be changed for the upper inlets. This would be possible by shifting the
inlet plane forward, by influencing the vortex position with strakes, or by positioning the
inlets between wings. In the "+"-configuration one inlet each in top and bottom position
are combined with two side intakes (Figure 1Q). The performance data of the top inlet varies
within a bandwidth of less than 10% up to 12~ angle-of-attack, because the vortices by their
rotation maintain a relatively good flow. The bottom inlet exhibits a considerable increase
in pressure recovery and mass flow ratio. The side inlets show a strong angle-of-attack
sensitivity because of the increased local flow angularity, and they are therefore decisive
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for the system performance. The calculated (Figure 13) and measured ({Figure 14) perfor-
mances are again in good agreement. In spite of the fact that there is reversed flow
(through the side intakes) below 50% {'low rate, the performance decrease at angle-of-attack
is, however, considerably less than for the "x"-configuration, In addition the "+"-config-
uration has the potential for substantial improvements of the performance by use of inlets
less sensitive Lo flow anmularity,

L, MEAHS FOR RZDHCING THE COUPLING EFFECTS

It has been shown that the inlet flows in multiple inlet systems influence each other,
if the pressure level in the combustion chamber rises above the critical value of one inlet.
If the suberitical braach oL this inlet exceeds a certain slope, abrupt changes in the total
perfermance will be encou .tered. Essentially there are two reasons for & decreasing suberi’ -
iecal branch of the parformance carve;

- A muiti-shock inlet with internal compression, possibly with isentropic compressicn fields;
and a weak terminzl shoek turns in suberitical operation int¢ a condition with, in
general, one oblicue shock ana one strong terminal shock, with accordiagiy higher total
pressure losses. For missile application, simple inlets with low internal compression are
commorly used; in these cases inlet buzz is the predominant reason.

~ Buzz is, in the majority of cases, initiated by a shock-induce? boundsry layer separation
on the ramp or centerbody, which starts a periodiz oscillation of the terminal shock. This
so-called DAILEY-instability (Ref. 6) can te suporessed ty boundary layer suction, as
demongtrated by HALL (Ref. 7), for example. Becsuse of the thinner boundary layer,
axisymmetric inlets need less bleed flow than two-dimensional intakes. During suberitical
operation, the bleed flow increases rapidly behind the terminal shock, so that in axis-
symnetric inlets the flow capacity of the piping going through the spike reaches its
ilimic very soon. Half-axisymmetric and two-dimensional iniets don't have this problem
because the bleed air is dumped directly outside.

Figure i5 shows the performance of a haif-axisymmetric inlet at ¥ = 2.5 with and without

bleed. The buzz-intensity (ppus /Diy ) 18 indicated by the vertical lines. Buzz could be

suppressed nearly co zero mass flow, and the suberitical pressure recovery drop could be
eliminated. The bleed rate was in the order of 1% to 2%. Stable flow is a prerequisite for
allowing suberitical operation of an inlet system, and this for two reasons: avoidance of
unsteady suberiticel performance, and prevention of high alternating structural loads by
pressure oscillation. During suberitical operation the performance of the engine is det~
ermined by the inlet with the lowest performance. This can, even for minor flight maneuvers,
rcsult in considerable power losses. So, a system with inlets in "x"-configuration will
reach its operational 1imit at around 5% angle of attack {(f{or x/d =8). An improvement of
the situation requires a deflexion of the vortex path. The situation with inlets in "4"~con-
figuration is essentially better since no inlet is suppiied by low-energy air. The system
characteristic is primarily dependent upon the performance of the side mounted inlets under
high flow angles. Here, two-dimensional inlets with the ramp tangentisl to the body show
less sensitivity than axisymmetric types. However, these inlets can in bottom position,
nave a rapidly incrsasing mass flow with angle of attack and thereby “orce the cther inlets
into premature suberitical operation., The flow angle sensitivity of side-mounted half-
axisymmetric inlets could be drastically improved by turning the spike into the flow
direction (Figure 16). This was accomplished by a pneumatic selfcorrection system shown in
the figure. The static pressures from both sides of the spike are fed into a pneumatic
eylinder, which turns the movable part of the spike until pressure balance has been reached.

5. CONCLUDING REMARKS

Based on the results of this study, these conciusions zan be made:

- The calculation of the performance of a multiple-inlet system from single~inlet data is
in good agreement with measurements. Since the inlet in the most critical position governs
the system performance, only its data need to be krown exactly.

- Subsritical operation can te permitted to a certain extent when the inlets are free of
buzz, which can be obtained Ly boundary layer bleed. Rapid changes in external drag and
longitudinal moments must be taken into consideration.

- Inlet systems in "x"-configuration can operate properly only at small angles of attack
up to the point at which vortex flow enters the upper inlets.

- Systems with "+"-configuration of inlets have a much bectter performance and can operate
up to nigh angles of attack, if side intakes with low flow-angle sensitivity are used.
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DISCUSSION

E.Soffker
What was the basic difference between the intake system demonstrated first with the generally negative pressure
recovery slope below the critical operation point into the subcritical region and the improved intake system?
Author’s Reply

The intakes used in the first 4-inlet configuration (Figures 3 and 8) had no boundary layer bleed, whereas the intakes

with improved performance in the later example did have bleed. The effect of bleed upon the inlet petformance is
shown in Figure 15,
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One- Timensional Non Linear Considerations on Supersonic Diffuser Buzz /2-1

Hermann-L. Weinreich
MBB Raumfahrt, Postfach 80 11 69, 8000 Minchen 80

SUMMARY

This paper will deal with the fundamental aspects of supersonic intake buzz. A description of the basis
phenomenon characteristics and a delimitation to other unsteady propulsion processes will be presented.
A simplified intake propulsion stability analysis shows the possible influence of diffuser exit Mach number
on the stabi ¥* - boundary in comparison to other well-known theories. Non linear example calculations using
smooth intake ; ~essure recovery curves can illustrate some experimentally ubserved buzz characteristics.

The limits of e theoretical approach will be discussed,and the tendeacies will be compared with exper-
imental work.

LIST OF SYMBOLS

speed of sound t,dtc

a N time, period of organ pipe type oscillation,

A area eq. (3)

L length X axial distance

n mass flow x ratio of specific heats

M Mach number /;,1, L2 grilrges‘s"agg!ess perturbations of M,p,pqy, £

PP, pressure, total pressure ¢ density

g ;ggzg;t;‘ﬁgg:ggg? gg?rﬁg‘;" of entropy 56, &, slope of intake characteristic, egs. (12,15,16)
m ratio of total to static temperature, eq.(5)

Subscripts

0 no subscript indicatesmean values of the internal flow or geometry

(o ~ free stream condition

QO perturbation due to «ntropy discontinuity. egqs. (7}

()55 result, valid only for small perturbations
{)1,n,1 in12t; nozzle, nozzle exit; inlet throat

t. INTRODUCTION

The first experimental investigations on multi-shock intakes for supersonic ram propulsion were performed
by Ludwieg and Oswatitsch/ 1 7, They used rotational intake models, where one or two oblique shocks were
generated upstream the terminal shock with the a1d of a centre body. The terminal shock stands in front of
the intake cowl during subcritical operation. The capture mass flow therefore depends on ihe back pressure
generated by the consumer (Fig. 1), During supercritical operation, the area of the swallowed stream tube
does not depend on back pressure; in this case, the terminal shock stands within the intake diffuser.

During the tests of the multi-shock intake modeis, Oswatitsch found during supercritical operation an
increase of the total pressure p, exceeding the Pitot pressure with a clesing throttle (Fig. 2). During
subcritical operation, a sudden unexpected pressure breakdown, in connection with a loud buzzing noise,
was detected [ 17. In spite of steady incident flow, periodic movements of the shock system, and
associated pressure and mass flow pulsations, could be observed in nearu the entire subcritical regime
[ 1 7. The phenomenon was called buzz, due to the characteristic noise.

2. REMARKS ON THE EXPERIMENTAL EVIDENCE

The following statements on intake buzz are based on published papers, which have been collected during
our own theoretical work on the problem [ 61, 63/.

2.1 Presence of intake buzz

Even in the case of wrdisturbed axial supersonic indicent flow, buzz has been observed during subcriticai
operation in many ty; s of intakes:
o  Pitot intake /3, 4, 5,527 "
o external compression intake
- axisymmetric intake /1, 12 - 23, 28, 29, 32 - 34, 37 - 41, 46 - 48 7
- half axisymmetric intake [ 59 quarter axisymetnc intake [ g 7
- rectangular (two dimensional) intake [ 26, 27, 42 - 45, 53 - 3.,

57 7
- inverted rectangular intake [ 58 ], external ramp mtake 5 ], scoop intake /87
o  mixed compression intake [ 24, 30, 50 7

o internal compression intake /6 7

The operation with the angle of attack, or with free stream distortions, may change the buzz boundaries.
In this case, buzz could possibly a'lready occur at subsonic incident flow conditions [/ 51 7. An increase
in stable subcritical operation range, or a damping of buzz pressure pulsations, can be caused by shortening
the tube between intake and nozzle / 14, 15 7, or by the use of a turbo engine instcad of a nozzle.
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2.2 Importance of intake buzz for airbreathing missile propulsion

in comparison to aircraft propulsion, buzz is more difficult to prevent than with missiles, because of the
following reasons:

more limited measuring techniques

in general, a fixea intake geometry

greater limitations in engine regulations

normally greater angles of incidence

destabilizing interference effects between consumer and several intakes

To prevent buzz, it is therefore necessary

0 to choose a greater distance from the buzz boundary, however this havi.g the disadvantage of increasad
supercritical total pressure losses, or
0 to accept the additional propulsion, and development costs needed for tuzz-free intokes /59 7.

In addition, the consequences of intake buzzing are:

+ structural damage, due to peak-to-peak pressure pulsations of up tor than 0,5 p,
+ varying aerodynamic loads on the missile il
+ risk of compressor stall

+ flameout with ramjets using fuels not self-igniting

In most cases (especially for supersonic sea skimmers) the consequences are ..re severe, due to the higher
free stream total pressures.

3. FEATURES OF THE INTAKE BUZZ

Among the many observations conducted on the intake buzz, the descriptions given by Trimpi / 14, 157,
Dailey [ 18 7 and Stewart [ 38, 39, 40 7 show the greatest accuracy.

3.1 Simplified description of a buzz cycle using experimental observations / 15 7 and theoretical consider-
ations 7 61 - 63 )

Start of cycle:

The terminal shock, standing in frort of the intake cowl, will be forced upstream by upstream running
compression waves. The associated mass flow reduction is propagated in form of a pressure lowering rare-
faction wave into the intake. The causes for the movement of the shock system, the decrease in massflow,
and the internal pressure breakdown may be as follows:

- the entrance of a vortex sheet (with a different total pressure on both sides) emanating from the shock
intersection,under the cowl 1lip, called Ferri instability, was observed many times in connection with
buzz [ 13 - 15, 25, 39 - 44, 45 - 48, 60 7.

- & shock induced boundary layer separation on the compression surface, which was termed Dailex instabil~
ity, [ 14 - 20, 33 - 41, 46 - 48, 60 7.

~ a local total pressure dip inside the free stream captuic tube, increasing relatively with throttle
ratio / 51, 60 7.

- a certain decline of intake total pressure, with increasing throttle ratio (several general stabili.ty
g?eo;;es givgié}fferent limits for the corresponding slope of the intake characteristics) /2,7, &,

» 22, 35, .

The upstream shock movement continues until either, for relatively short intakes, a new highly subcritical
quasisteady equilibriumstate (producing eventual backflow) will be Teached, or for longer intakes, the
shock will collide, during the upstream movement, with rarefaction waves returning Trom the nozzle, and
generating a reduction in back pressure, in order that the shock can return into the intake,

The exhaust phase will be terminated even in the case of relatively short intakes, when the above-mentioned
rarefaction wave, which starts the exhaust process, will return in the intake after reflection on the
consumer. Supercritical pressure rise in the backfilling phase:

Due to the reduced back pressure, the terminal shock returns and enters again the fintake diffuser (super-

critical operation). The associated rise in mass flow propagates in form of a compression wave downstream

to the consumer. There the wave will be reflected back to the intake, whereupon the terminal shock will be 2
forced upstream. If the shock reaches now the instable position, a new buzz cycle will again be initiated.

In such a case, we have a period, which is longer than the first mode period of a one sided closed organ

pipe of equivalent length, only by the reaction time of the inlet and consumer.

In many cases, however,

- for slightly subcritical unstable throttling, or
- for a iow level of Mach number in the tube between intake an: nozzle,

the intensity of the possible supercritical internal compression waves is limited.Therefore a staged
pressure rise and an elongated cycle period will result.

3.2 Definition of intake buzz, delimitation to other unsteady propulsion phenomena

Within the scope of this work, intake buzz snould denote only such subcritical supersonic intake pulsations,
where the period {longer than equivalent organ pipe period) is determined by the geometry of the connected
consumer (¥u5e and throttle, ram combustor, turbo-engine). Onlyin one case has a dominating buzz pulsation
of higher organ pipe frequency been reported / 12 7. The total pressure amplitude during buzz can reach

up to more than half of free stream total pressure and depends on intake geometry, internal Mach number
level, and several other parameters.

-
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{ ’ Threti: other unsteady propulsion phenomena which partly come up in connection with buzz will only be briefly
' mentioned,
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2. Sometimes a weak pressure pulsation connected with small motions of the terminal shock can be observed

during subcritical phase of the buzz cycle /15, 18, 40 7,
L

or before buzz is initiated [ 4,597,
This phenomenon could be interpreted as an interaction setween

the befurcated part of the terminal
shock and a Tocal separation bubble £157, or as an interaction between terminal shock and exlarnal
sonic line,

ﬂ b. Unsteady total pressure profiles at the intake exitplane are also observed for highly superc :al
:

intake operation. The unstable interaction of temminal shock and diffuser boundary Jayar appe. to be

the cause for the distortions.

¢. During the cooperation between the supersonic intake and the turbo

engine, it is also possible, tnat
buzz can provoke compressor stall / 64 7, and compressor stall can

cause buzz. .
4. UNSOLVED PROBLEMS AND A POSSIBILITY OF A NEW THEQRETICAL APPROACH ]I

buring earlier work / 61, 63 J, fifteen different theoretical explanations and descriptions of intake buz.
have been discussed. These can be divided into two main groups

¢ Treories which assume that the intake alone determines the stability behaviour:
The theories presented by Ferriz Nucci /13 7 and Dailey [ 18 7 belong to this group. While the causes

for the suberitical drop in efficiency presented in these papers have been confirmed by many other J

investigations, the explanation, that an intake buzz cycle is initiated by choking of the intake throat,

g_ue to vorteg sheet ingestion /13 7, or boundary layer separation £ 187, has not been readily accepted 4
R 15 - 18, 25, 61, 63 7,

Some other stability theories:

= are correct only in cases, where the shock system breaks down at the stability boundary without
reaction by the throttle (Pearce 7357, Trimpi [ 15 7),

« seem to be oversimplified and not generally valid (Oswatitsch and Teipel [2 7, Hall /517,
Billig /65 7)

- are valid only for special cases of Ferri instability (Fisher

» Neale, Brooks / 417} ‘
;. remain unexplained (Beastall [ 49 7).
[} Theoriglas which assume that the stability behaviour is determined by interactions between intake and
throttle:

- For relatively short ‘ntakes, the theory by Mirels /7 7 appears to be accurate,

- The famous Heimholtz-Resonator theory worked out by Sterbentz, Eward and Davids [ 21, 22 7 neglects
the existence of internal pressure waves and was therefore not accepted /[ 15, 61 - 63 7). A similar
theory was given by Fraiser [87.

- The theory presented by Leynaert / 36 7 could be useful in a case of a cooperation between a long
slow acting intake and a short fast acting consumer.

- The initial theory worked out by Stoolman [ 37 was later completed by Kowalewicz £57, Chang and
Hsu 79, 10 7, Endwards [ 11 7 and extended by Hagashima et al / 12 J« The primary critisism of
this theory is concerning the connection between disturbances {4,,4M) in the entrance area with
the velocity of the terminal shock movement [ 61, 63 7. According go L7, 61, 637, the disturb-
ances depend primarily on the location of the “erminal shock - the shock velocity can cause only
adtitional effects of the order {diameter /L)

- The different theories given by Hermann Z24 7 and Fisher [ 42 7 exhibit experimental or theoretical
contradictions.

.

m
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The study of the existing Viterature shows the following unsolved questions:

Q1 1Is it possible 10 describe the different buzz phenomena (Ferri, Dailey, Buffet £39 - 417, instability p
s due to total pressure dip inside the capture stream tube) with the help of only one simplified globai -
theory?

Q2 Wil buzz be caused by non - Yinear intake behaviour alone, or arrise from the growing of weak inter~
actions between intake and consumer?
1

Therefore the theoretical approach should have the following aims:

0  An attempt should be made to include the different observed phenomena within a unified theory, which
should be physically correct at least for a theoretical 1imi

ting case. 2
0 Hithin the scope of question Q2, it should be examined to what extent the consumer has an inflyence on 4
- the stability boundary, and
- the pulsation cycle.

i 5. FORMATION OF A SIMPLIFIED THEORETICAL MODEL

The experience shows that bduzz begins when the intake mass flow is “hrottled below a certain stability

limit by the connected consumer, which can be a tube with throttle, a ram combustor,or a turbo engine.
Using a turbo engine instead of a tube with throttle nozzle, an increased stability, due to additional
damping, can result [ 28, 29, 50 7. A ram combustor can produce additional damping or excitation for the
intake nozzle interaction, depending on fuel properties, combustor geometry, or combustion behaviour.

Simplification 1:

The first step in the investigation of the intake consumer stability behaviour should therefore be Timited
to interactions between irtake and nozzle alone,

In spite of simplification 1, the stability behaviour of an appropriate intake nozzle module {illustrated
by Fig. 5) will be determined by at least 24 different parameters £ 61 7. Most of these influential para-
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meters describe the geometry of the intake. Therefore a general calculation of the unsteady intake flow, :
in regard to

- the shock boundary interactions (including separation effects),
-~ and vortex sheet and shear layers

without the use of doubtful approximations, seems hardly possible. On the other hand, the principle
features of intake buzz are maintained with increasingduct length between intake and nozzle. This was
demonstrated experimentally by Trimpi / 14 7. Therefore it seems to be apparent, that it is necessary
to simplify the theoretical model in a radical manner, with the aid of

Simplification 2: Ly <=<< L (1)

Disregarding the high frequency osciliations menticned in para. 3.2, this simplifying assumption means
that the intake reaction time, following any disturbances, will be small compared with the propagation
time of a pressure wave throughout the tube of length L. In the case of a relatively short intake, it is
not necessary to pay particular attention to the dynamically stipulated deviaticas from the quasisteady
intake behaviour. Thereforean especially simple calculation of the distortion process can be expected.

As a result . " a distortion by an upstreamtraveling wave, the intake will reach a rew steady state in
negligible t.me, where by a downstream traveling pressure wave and an entropy discontinuity will be
generated. The intake throughfiow will be mainly steady under the previously mentioned simplification. For
the calculations, the complex intake hehaviour can be therefore described by the quasisteady valid total
pressure recovery characteristics. In general, nozzles are much shorter in comparison with intakes. There-
fore the third approximation:

Simplification 3: Ly << L (2)
wiil be physically more justified.

Kave nature of the internal distortions
The wave nature of the internal distortions, which was assumed by Mirels [ 7 7 who used the same simplific~

ations, has been confirmed (especially for large L/L]) by experimental work done by Trimpi [ 14, 157 and
Stewart [/ 39, 40 7.

In the case oF a wave process, the boundary conditions at intake and nozzle correspond to those at opening
and bottom of an organ pipe having one end open. The intake would represent a node, the nozzle an antinode
of the pressure distsibution. The period of a simple cycle would be determined by twice a pressure propag-
ation through the tu“e moving back and forth:
4L
at, =

al1-r1% (3)

With sufficient throttling, nearly all buzz pulsation show indead a period comparable to Atc. On the

contra=y, a necessary assumption for the applic.tion of the Helmholtz resonator model weuld be a much
greater period.

Representation of the_internal perturbation process

Two different mapping plots will be used to i1lustrate the internal flow process. The x, t-plane is used

to illustrate the time-dependent wave propagation. The accompanying change in state may be depicted in the ,
Pos M-plane, The total pressure characterizes the intake efficiency while the mass flow can be considered :
as a principle test variable.

6. INTERNAL FLOW CALCULATIONS USING SIMPLE WAVE THEORY i

The pressure amplitude of the strongest internal waves during strongbuzzing does not exceed 30 percent.
Therefore the internal wave processes can be approximately treated as isentropic:

Simplification 4;

The increase of entropy due to internal shock waves, which may be generated by converging compression waves
is proportional to the third power of pressure amplitude and may be neglected.

In contrast, the entropy of the quasisteady intake exit air varies with intake exit total pressure, and that
changes of entropy should be taken into account. Any change of intake total pressure will therefore, a
according to Fig. 7, generate an entropy discontinuity with separate regions of different entropy in the

internal flow. The entropy discontinuities are special path lines and represent perturbations of density,
temperature, Mach number,and m ina constant pressure region. Under the previously mentioned simplifications :
2 and 3, the spatial extend of the simple compression waves generated by intake - or nozzle reactions are

negligible small compared with L. Furthermore, the diverging rarefaction waves should also be depicted in
a summation ranner in the X,t plane according to Fig. 8.

Under the previously mentioned “"simplification 4" (neglection of entropy increase due to the steepening of
internal compression waves), all state variables in the constant state regions of the meshed network can be
calculated step by step using the simple wave theory. Using the state characteristics for unsteady one
dimentional flow / 66 - 69 7, all state changes, due to simple pressure waves,or entropy discontinuities
respectively, can be calcylated in an easy manner.

With the abbreviations (4)

Ap =_4£g = 49 =_4_,_7 E_é_’.;l
71—2“,3" = P, !3?- /"-‘/.7 ¥ "

4)

and using the state characteristics, in conjunction with the gasdynamic relations, the following relations
for simple pressure waves may be obtained:
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or as a function of mass flow periurbating respectively:
.o 21 .=l = 125N R.1iA (6)
Wi ftp ¥ T ThR Y

Sign convention:

The upper sign always refers to changes of state due to upstream traveling waves, while the lower sign
denotes changes due to waves traveling downstream.

The differential equations (5) can be integrated in closed form using the static pressure as an independent
variable. This was one reason why the unusual po, p plane was used in earlier work [ 61 - 63 7, whereas

in this study a graphical presentation of the internal changes in state will be given in the py, m plane.
Using ¥ = 4 to denote the intensity of a weak entropy discontinuity, the following relations can be ob-
tained: - » a

_—/71‘\ = oA O - A -
T=222¢ $=¢  M=i§ =0 )

With the aid of egs. (5) - (7), all changes in state from one constant state region to the neighbouring
can be calculated if the intensity and the type of the enclosed wave is known.

7. SOLUTION OF BASIC PROBLEMS

For the calculation of the state variables inside tne meshed network, the magnitude of the individual waves
is required. Therefore the changes of wave magnitude, due to fundamental unit processes, were determined
using eqs.{5) - {7} with the respective boundary conditions:

o The intersection of simple pressure waves will not lead %o a change of pressure amplitulde within the
scope of 1 theory of small amplitude.

o The intensity of an entropy discontinuity will not be changed by the intersection with a simple
pressure wave. The amplitude of the incident pressure wave remains constant within the scope of an
Yinear perturbation theory. The amplitude of the reflected pressure wave is proportional to the pro-
drtof the amplitude of both incident waves and can be negiected withing the scope of a linear per-
turbation theory.

o In the case of a subsonic channel exit (characterized by M and My ,see Fig. 9), the exit boundary
condition for simple wave reflection is the conservation of the ambient pressure py at the exit. For
small perturbctions one can find [/ 61, 62 J:

_5’15/ L [-ndin - e t1-n)er- i)
a1 ltin (=TT 1+ T (12 1) {1+ 3219)
The following special cases are included:
- the closed end with M = 0, here the incident mass flow perturbation must be compensated: %" B

- the open end with My = M: The resulting mass flow amplitude ratio (1-M}/(1+M) means, that the
pressure pertubation vanishes: 73 ==z

- the critical (or supercritical) nozzle (My = 1):
compared with the closed end, the lsss in amplitude

12 / L pmm-¥n)
P2tltin It (1+1)(1+ 5711}

(8)

{9)

of the reflected wave increases with Mach number M.

o Equivalent to eq. (8), the interaction of an entropy discontinuity and a subsonic channel exit will lead
to the following linear amplitude ratio:

Zg = E" (ﬂz‘ ”Nz)
Fuslin 0000+ ¥ne !&:Jﬂ‘}

According to eq. {B8), this result is valid for nozzle and diffuser type exits respectively. While an
entropy discontinuity (special path line) can never strike a closed end, the following special cases are
included in eq. (10):

- the change of gas density at constant pressure can pass an open exit with M = My, without causing
any wave reflection,

- the critical {or supercritical) nozzle will result in a pressure wave reflection of less than half
the mass flow distortion #y,:

{10)

E R Ak BN (11)
Farliin, s 2(143207)
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o In the case of simple wave reflection on an intake exit (Fig. 10), two boundary conditions had to be
satisfied: Firstly, the pressure and mass flow perturbations of incident and reflected waves must be
compatible with the intake characteristic. Secondly, the total pressure change due to the waves had
to be in accordance with the total pressure recovery characteristic. If the intake characteristic
curve is continuous in the considered operating point, the slope of the tot:l pressure characteristic

is given by G, A
6 = 5 /An]
I

m (12)
and the amplitude of the reflected waves can be obtained,after some manipulations,
I 1.0 G 18tg :
== @ —T I3 . i
21 /{“'" 1~0 Izfeun 7:1/1»:,2 -G '*”:I‘;” (s

The entropy discontiruitv 43 vanishes in the case of constant total pressure recovery {G= @),
while the mass flow anpri-ude of the reflected wave ¥35 equals ¢2¢. In this case, the intake 15 very
similar to the opn end uf an organ pipe.

8. SUERSONIC DIFFUSER STABILITY WITH SMALL THROUGHFLOW PERTURBATIONS

The linear intake response, defined by eqs. (12) and (13), can also be obtained graphically by using the
state characteristics (5) « (7). Therefore the unknown strength of the pressure wave 32 and the entropy
discontinuity 43 had to be iteratively brought in agreement with the intake characteristic in the two
different state planes.

The intensity of the entropy discontinuity &3 is both proportional to the total pressure change of the
intake { 7,yy + %3y + Wezs ), and to the total pressure change of only the entrop, discontinuity %,4; -
Therefore @33 can be expressed as a function of W32 + Ty, as follows:

;’;, = X 7 Mgy + Toar) (13)

Using eq (11), a semigraphical construction of the intake response in only one state plane (according to
Fig. 11) {s possible:

Starting from the indisturbed intake operating point 1, the mass flow may be reduced by #,¢ by means of a
small compression wave. Depending on the siope of the intake characteristic &, the intake will respond
in a different manner:

- In the case of supercritical operation without bleed ( G = - ), the incident mass flow reduction had
to be compensated by the refelcted waves.

-~ In the case of G'= 0, no entropy discontinuity will be generated. The reflected pressure wave will double
the incident mass flow redu:ction.

- The magnitude of the reflected pressure wave will increase with growing G until an unlimited reaction
will result within the scope of a linear perturbation theory, when the slope reaches the value of

»n 7
G_ﬂt el (15)

The value G denotes the greatest possible slope of the intake characteristic, because at this operation
point, the ingke would react strongly, even by small perturbations without feed back from the consumer.

9. WEAK INTERACTIONS BETWEEN INTAKE AND SUPERCRITICAL NOZZLE

If friction between intake and nozzle can be neglected, then the intersection point of intake and nozzie
characteristics represents the respective operating point of the intake. The question, whether such an
operation point can represent stable interaction between intake and nozzle, can only be answered by the
perturbation theory when the intake characteristic is differentiable inthe neighbourhood of the operating
point, This is not self-evident, because the boundary layer separation or vortex sheet ingestion would
normally produce a discontinuity in the characteristic curve.

Under the assumption of supercritical nozzle pressure ratic, the nozzle characteristic will be a line with

a slope of one in the 7,9 plane. First of all, it should be examined whether stable interaction of intake
and nozzle ceases at the top of the total pressure curve, as mentioned in [ 2 7. Within the scope of the
perturbation theory, the corresponding tota) pressure characteristic appears in form of a line of constant
total pressure inthe left side of Fig. 12. Assuming stable operation at time ty, the nozzle discharge may

be immediately reduced by #21. The resulting shift of the nozzle characteristic will cause a small compression
wave to travel upstream, The total pressure rise 72y, coupled with the mass flow reduction g5y, depends on
the internal flow Mach number in accordance with eq. 6.

The compression wave 21 will lead tc_an excessive total pressure at the intake exit. Therefore the intake
will respond with a rarefaction wave 32, decreasing the mass flow, and pressure, down to the new intake
operation point 3. No entropy discontinuitywill be generated because the total intake pressure recovery

did not change within the intake reaction (3'¢ 3). The mass flow 3 is now below the required nozzle through-
flow. Consequently, the nozzle will react on the perturbation 32, and accelerate the gas with the aid of

a rarefaction wave 43. Therefore, the intake will respond with an attenuated compression wave 54.

The pressure wave decays while oscillating between intake and nozzle and iilustrates stable interaction of
intake and nozzle at the peak of total pressure recovery. On the right side of Fig. 12, the analogous inter-
ference is treated for the case of positive slope of the intake characteristic. To obtain a clear picture of
the main process, the p.ths and consecutive nozzle reactions of all the entropy discontinuity generated by
intake reactions have been neglected. Within the scope of that simplification, a reduced attenuvation of the
wave cycle can be seen.
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Looking for the boundary of stable interaction {using egs. (6), (7), (9), (11}, (12}, {13}), it can be scen
that in general, an undefinite number of weazk secondary pressure waves are generated at the nozzie by entrops

discontinuity reactions [/ 61, 62 7. For an yndetermined nuxber of special cases, it can be shown however 13'7

£ 61, 62 7 that all the entrCpy discontinuities have 2 damping or extitingeffect on the forsation of the
main cycle, Fig. 13 shows the two most simple cases.

After some manipulations, the following boundary, for stable interaction of intake and supercritical nozzle,
is cbtained [/ 61, 62 7:

0.. = xi7" }) dazping effect on {16)
Is ff{’!-1jf72_f_::_; {,_ﬂz){an} -1 exiting | entrop. disc.

The value of g depends on the mean effect of all eatropy discontinuities on the formation of the main
cycle.

10, COMPARISON OF DIFFERENT STABILITY THEORIES

Fig. 14 shows the influence of the mean internal fiow Mach number M on

- the Jimit of absolute intake instability slope &'y
- the limit of intake nozzle interaction instability slope 0’;§ ~ for the critical cases of maximun
attenuation q = 1, indifferent effectioness, and maximm exitation by the entropy discontinyities.

Any change from the above assumptions (differentiable intake characteristic, length of intake and nozzle
negligible compared to total length L, and for interaction stability boundary:a supercritical nozzle
pressure ratio) carn result in quite different stability boundaries:

+ Increasing the relative intake length, will cause a growing zone of wave dispersion at the intake and
result in additional attenuation of the main cycle [/ 61, 61 J. Therefore, even with an intake greater
than ¢ a1, the intake flow may be stable.

+ The boundary of stable interaction can be changed if the consumer characteristic does rot agree with
the assumed supercritical nozzle.

+ A discontinuity within the intake characteristic, which imwediately moves the slope from stable to
unstable values, may not be observed because pulsations can start just at the discontinuity. Therefore,

2 peasured slope of the intake characteristic at the origin of instabilitydces not need 1o coincidewith the
interaction instability limit &'js.

The preceding stability statements can be compared with other well known theories under the above-mentioned
simplifications (1) and (2):

o The result obtained by Mirels /7 7 is eguivalent to eq. (6) under the additional assumption of smallMach
number M, the entropy discontinuities being able to be neglected (q = 0) / 63 /.

o The statement of Pearce [/ 35 7 does not take the interactions with the consumer into account. The result
would be comparable with eq {15).

The widely used Helmholtz resonator theory, proposed by Sterbentz, Eward, Davids /21 , 22 7, has been
criticized extensively [ 14, 15 7. The resulting instability slope limit is proportional to the relative
length of the intake. In the case of a negligible relative intake length, the thecry would state a stabil-
ity Yimit of O = 0, which was also stated by Oswatitsch and Teipel [ 2 7. The Helmholtz resonator theory
can not explain why sometimes{for higher internal Mach numbers and relatively long intakes) stable intake
characteristics with large slopes car be cbserved.

11, STRONG INTERACTIONS BETWEEN INTAKE AND ROZZLE

The methods for the evaluation of small interactions between intake and nozzle, which was presented in
chap. 7 to 10, can easily be extended for the investigation of strong nonlinear interaction processes. It
can be seen that the intake characteristic is the source of principal nonlinearity. Using simplification 4
{chap. 4), the change in state, dus to arbitrary simple wave, can be depicted in the py, p plane in closed
form / 61, 62 7, or can be integrated step by step in the py,m plane with respect to tne parameter M,

In the case of a semigraphical construction {Fig. 15) of the intake response, the relation between the
mass flow ratio of the entropy discontinuity, and the intensity of both pressure waves, becumes, according

to eq. (14), - g .
M., ={1r [&éﬁé-'ﬂ_..]]
(.713 m3 Poy Pﬂ} ! a7)

Using eq. (17), the effect caused by the entropy discontinuity can be outlined in relation to the intensity
of the reflected pressure wave 32. The example, illustrated in Fig. 15, shows the nonlinear intake response
due to a mass fiow reducing compression wave after a sucd”’>n reduction of the nozzle exit. The change in mass
flow and total pressure caused by the entropy discontin.ity is very small.compared to the intensity of the
pressure waves. Therefore, the investigation of the principle nonYinear interactions between intaie and nozzle
can be simplified by the omission of all entropy discontinuities. Such simpiifications of typical nonlinear
interactions are presented in the following figures:

Fig. 16 shows an isolated buzz cycle as the result of a sudden nozzle discharge throttling up to a value
near to stability boundary. The strong rarefaction wave coming from the intake will be reflected {rom
the nozzle, Due to the reduced bsck pressure, the terminal shock will return from the position inm front
of the cowl, and try to reach a supercritical state of equilibrium. The respective operating point 5
was attained by a simple downstream running pressure wave (and an associated entropy discontinuity)
starting from the disturbed operating condition 4.

Within the scope of the simplifications 1 and 2, it is not netessary to pay particular atiention to the
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different possible intermediate states during the unsteady change of intake operation. In thesequence, the
intensity of the internal pressure waves running back and forth is attenuated because the new inter-
section of inlet and nozzle characteristic still represent a stable operation.

Fig. 17 shows a series of simple limiting cycles for various throttle ratings. They have a period correspond-

ing to an organ pipe and are typical for intakes with a wide stable subcritical operating range. With
closing throttle the total pressure amplitude grows, starting frem a considerable high initial level,and
goes through a maximuya, the pulsation dies away when a second Stable subcritical operaiing

range is reached. In the illustrated example, the intake enters the reversed flow regice. The in-
creasing intake total pressure with reversed flow has been observed experimentally 7 59 7 and corres-
pondends with the transition of a noz:zle characteristic.

Fig. 18 shows limiting cycles for an intake with a small stable subcritical! operating range and a large

amount of subsonic diffusion {small value of M). A throttle ratio just below the stability limit will
produce a staged supercritical pressure rise and an appropriate elongated periodic cycle. With closing
throttle, the number of supercritical interactions during the fill-up phase of the cycle is reduced
since the amplitude of the pressyre waves traveling down and back grow progressively. Finally, 2
limiting cycle with an organ pipe oscillation period will be reached.

An additional consideration of the effects caused by entropy discontinuities and internal wall friction can
lead to the following results [ 61, 62 7:

[

12,

Due to the impingement of eniropy discontinuities on the nozzle, a large nusber of weak secondary
pressuire waves will be generated. If such a secondary wave, during buzz cycle, strikes the inlet,
operating just near the stability limit, it can provoce the next cycle. Therefore, the cycle period can
vary slightly. Even without regard of the intake and nozzle delay, the period does not need to be a
multiple of half the organ pipe period.

A “3cal internal friction zone causes attenuation and stabilizing effects wnen it is concentrated at the
ints- 2 exit. Total pressure losses, due to instrumentation at the intake exit, can therefore produce 3
too optimistic stability behaviour.

LIMITATIONS OF THE YHEORETICAL MODEL AND COMPARISOR OF THEORETICAL TRENDS WITH EXPERIMINTAL WORK

The principal simplification of the theoretical model, L;<<< L indicates a significant limitation:

Calculations of the transient behaviour, made for an intake with a long throat / 61 7,showed that many
interactions between theexternal shock system, and the internal diffuser can be reguired to obtain a2 new

operating point after distortion.

Remeabering the high Mach nuzber level inside the throat region and

the resulting low propagation speed for the upstream traveling waves, a long reaction time is sroduced,

Even in the case of & very long internal duct, a stabilizing and attenuating effect, caused by wave
dispersion at the intake exit, can be expected. In cosparison to the desonstrated exazpie calculations,
2 smaller oscillation amplitude marresult.

In contrast to the simple theoretical model discussed, an intake of medium relative length will not
reach a quasistationary operating point during a buzz cycle.

In the case of similar length-of-intake and connected consumer, the dynamic behaviourof the intake may
be slow compared with the consumer. In this case, a totally different theory has to take the dynasmic
behaviour of the intake flow intc account while, in accordance with [ 36 7, a quasistationary consumer
characteristic may be assumed.

In spite of the strong limitations, resulting froz the principal assuzmptions, the presented sisple —edel
can explain in closed form different observed features of diffuser buzz using the associatedintake charact-
eristics:

By just crossing the stability boundary, large puisations can be induced.

The building-ufr srocess will gquickly lead to a limiting cycle. Even the first discernible cycle shows
the typical shap: of the following cycles.

The pressure amplitude, measured upstream the nozzle, grows in general with a ¢losing throttle, start-
ing from a considerable large initial value.

In the case of a wide stable subcritical operation range, 2s can be noticed occasienally for intaies
exhibiting Ferri instability, a buzz pericd, comparable with the first code period of an organ pipe,
and nearly undependent fro= throttle ratio, can be found.

With a small subcritical operation range, buzz begins with 3 much longer period which will be shortened
by increased throttling till finally a fundamental period will result.

Due to the disturbances always present in free stresm, it is clear that by approaching the stability
boundars, a growing number of isolated buzz cycles in irregular Sequerczcan be noticed, especially in
the case of intakes having a small subcritical operation range and a large amount of gubsonic diffusion.
This phenomenon is called buffet [ 339, 40 7.

The considarable differences of the stability behaviour of similar iatakes may be explained by the strong
effect of the small form differences in the pressure recovery characteristics,
Limited irregularities of the bizz cycle pattern caa even result from only éntropy discontinuities,

Examinations of the unsteady interaction between shock System and internal diffuser / 61 7, showed an
instantaneous decling of mass flow and Mach nusmber in the throat of a subcritical operating intake,
following the arrival of a cospression wave at the intake exit,

The final question, as to how far the consumer influences the onset of buzz pulsations, ==y be answered
by the following statements:
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If the intake characteristic is differentiable in the neighbourhocd of the stability boundary, then the
censumer will have an influence on the stability behaviour. The stability boundary will be situated at I
such a throttle ratio,where exciting by the intake is cospensated by the damping effect of the consuzer. 3“[

When the stability boundary is crossed, & rapid buildup process of buzz pulsations may result from 2 marked

curvature of the intake characteristic. $o it may be possible that the stability boundary is determined by

small linear intake consuzer interacticns, even in the case where the first discernible cycle shows the

entire buzz pressure azplitude.
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DISCUSSION

C.Limage

In recent experiments in the USA, it has been observed that the inlet instac ility has been driven by the ramjet
combustion instability, Have you considered this type of intetaction?

Author’s Reply
The interference between inlet instability and combustion has been known for many years and have been reported,
for instance, by Trimpi'**$, Daily?® and Sterbentz2h?2,
There also exists some theoretical approach for this problem (Mirels?, Trimpi!%15),

Because the buzz phenomenon 1s not generally altered by the combustion process, it was decided to avoid the
complication of calculating the wave dispersion and reflection by an intemal combustion zone,

It seems to be possible that the theoretical method presented in References 61, 62 which include effects of internal
arca change and local friction could be extended for the consideration of the effects due to local heat addition,

H.Wittenberg:

In the last section of vour paper, you have compared the results of your theory with experimental work n a qualita-
tive way. Have you also made comparisons with experimental data quantitatively to mvestigate if your method can
be used to predict the stability behavior of inlets?

Author’s Reply
No, we are now just trying to make such comparisons with experimental work performed at the DFVLR by
Mr Krohn. In my theoretical work which was performed at the technical umversity, I had no opportunity to make

experimental measurements. 1 used for calculations one experimental pressure recovery characieristic which I found
in the literature,
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RANGE MAXIMIZATION METHOD FOR RAMJET POWERED MISSILES /;T—l
WITH FLIGHT PATH CONSTRAINTS
by

Ulrich M. Schottle

Institut flir Raumfahrtantriebe
University of Stuttgart
Pfaffenwaldring 31
D 7000 Stuttgart 80
Germany

SUMMARY

Mission performance of ramjet powered missiles is strongly influenced by the
trajectory flown. The trajectory optimization problem considered is to obtain the control
time histories (i.e. propellant flow rate and angle of attack) which maximize the range
of ramjet powered supersonic missiles with preset initial and terminal flight conditions
and operational constraints. The approach chosen employs & parametric control model to
represent the infinite-~dimensional controls by a finite set of parameters. The resulting
suboptimal parameter optimization problem is solved by means of nonlinear programming
methods. Operational constraints on the state variables are treated by the method of
penalty functions. The presented method and numerical results refer to a fixed-geometry
solid fuel integral rocket ramjet missile for air~to-surface or surface~to-surface
missions. The numerical results demonstrate that continuous throttle capabiiities increase

range performance by about 5 to 11 percent when compared to more conventional throttle
control.

1. FNTRODUCTION

Ramjets are currently beiny considered as the primary propulsion candidate for a
number of future atmospheric missiles as they offer the combined advantage of high speci~
fic impulse, high speed, continuous thrust and compactness (1). The integral rocket
ramjet concept in its solid fuel ramjet version or solid duacted rocket version is of
particular interest. The present paper addresses the problem of range maximization of an
integral rocket ramjet missile and reports on application work which was performed in
order to establish the performance capabilities, throttle requirements and parameter
sensitivities of a given missile. The vehicle design and propulsion characteristics as
well as the mission requirements were defined in previous industry studies and were
prescribed (2). The mission of interest is schematically shown in Figure 1. We assume at
the outset that the structure of the optimum trajectories co.sist of climb, cruise,
descent and sea-gkimming segments. Not shown in tiie sketch is the rocket boost phase
which will accelerate the missile to ramjet ignition velocities- Only the rezmjet powered
flight will be considered. Mission objectives require trajectories below & prescribed ]
maximum £light altitude in order to delay radar detection and a final weaving flight : ¥
phase at sea-skimming altitudes. This type of maneuver will maximize the survivability
of the missile against shipboard defense weapons. Ramjet trajectory problems have not :
received much attention in the control literature yet. This may be attributed, in part, :
to the fact that these works are rarely published beyond industrial reports for security %
reasons. Open-loop optimal trajectories for minimum fuel-to-climb , minimum time-to~climb :
and minimum time~to~-intercept problems for an air-to-air :iquid fuel ramjet-propelled
missile are considered in (3). A separate important issue is the on~board implementation £
of the optimal control solution. This requires that the solution be found in a closed- .
loop form. The focus of the work ) and 5 is mainly concerned with the derivation of T
such optimal control laws using singular perturbation theory.

W
»

Our goal is to obtain the optimal open-loop control program. The control problem is
formulated by constructing a cost functional which penalizes violations of the inequality i
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constraints. An efficient method to optimize complex atmospheric trajectories is to trans-
form the continuous optimal control problem to one of parameter optimization. This
technique has seen wide application to a great number of optimal control problems of
varying complexity, (3), mn to a3 and in our example proved to be less complex anc.
difficult to solve than calculus of variation methods.

The remainder of this paper is organized as follows, In section 2 the er“imization prob-
lem is stated. Tiaen, in section 3, the numerical solution technique is deg 'ribed and in
section 4 the missile simulation model is defined. The final section 5 presents some
numerical results. The first examples concern level flight at sea-skimming altitude.
Finally results for low-high-low flight profilcs are obtained.

2. PROBLEM STATEMENT

The general nonlinear optimal control problem can be formulated as a problem of
Bolza in the calculus of variations, i.e. extremize the performance index

t
I =9 [x(tg), 11 + !f L [x(£), u(t), 1) at %))
[=]

with respect to u(t) and z, subject to the equations of motion

x(t) = £(x,u,5) ., x(t)) = x, specified (2)
the boundary conditions

plx(te),2] = 0 (3)
ané inequality constraints

hix(t.),x] >0 (4)

Slx(t),B(t) .31 20 {5

In equations (1) to (5) x(t) represents the n-dimensional state vector, u(t) denotes the
r-dimensional control vector, i represents a design parameter vector of dimension m_,

Y is a g-dimensional vector function and ¢, L are scalar functions. The subscr;pt; ‘0
;nd “t” refer to the initial and final values of the independent variable time “t~,
respectively. The initial time t, corresponding to ramjet ignition is specified while t£
is free. Final time te 28 determined from the specified final mass which i3 used as
stopping condition in the numerical algorithm.

y contains the specified values for texminal velocity Ver flight path angle Ygr
altitude hf and possibly lateral displacement y.. The inequality cons*raints (4) and (5)
result from structural limits, mission and propulsion requirements which bound :he
altitude-Mach number operational region and the controls. Specifically, it 1s required
that recovery temperature Tr(t)gjhax, Mach number M(t)2M,(h,u), flight altitude
o<h(t)5pmax, propellant flow rate Yein S ¥y cult) < u, < gmax wéth throttle ratio
¢ = uu/u1 2 $max and the resulting angle of attack e(t)=/a“(t)+8°(t) < o
pregiven limits.

ax Stav within

Optimal control problems with constraints on the state and / or control are often
solved by converting them to a sequence of unconstrained subproblems by means of penalty
functions. These are added to the primary indicator of the system performance which in
our case is the downrange coordinate x(t:). Thus, the functions ¢ and L of equation .°)
are augmented to include

e
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e ,
] q W
‘ b fx(e) 1] = - x{tp) + £ 2B T Ml & ez
= o j=p 13 n3
and :
s 2 o s
L [x,u,2} = I 87 R, 5
== = 21
where
o _{c1>o i1f hy <O ®)
i 0 i hy >0 .
K, >0 4if §, <0 :
R, ={ t : (9 1
[o] af $y 20

Pyr Q4 (CL) and R, (Kl) represent coefficients penalizing violations ©f the different
constraint conditions (3) to (5). The functional inequality constraints (7) are evaluated
by jntegrating the constraint violations cver the irterval [to, tfl along with the
numerical integration of eguation (2). A sequence of ortimal control problems with in-

: creasing penalty coeificients nust be solved., In the limit, minimizing the augmented
alty function maximizes the range performance and drives the constraints into satis-
-action. The derivation of necessary conditions for the optimal control problem stated
a50ve by means of the calculus of variations is straightforward and well documented in
literature (6'7), and will not be repeated here. Somc aspects of numerical solution
techniques applied to the ramjet trajectory problem will be discussed in the next section.

3. SOLUTION METHODS

The most widely used iterative computational algorithms to determine optimal controls
represent variations of either the gradient method or Newton”s method in either function
or Euclidean spaces and are local in nature.

[A—r L S

——

Function Space Conjugate Gradient Method

In the beginning we sought the solution by use of a function space conjugate gradient
(FCG) method (6’7). We used this technigue sucressfully to obtain optimal controls for
5 rocket ascent trajectory problems to near earth orbits. However, when applied to the
3 ramjet trajectory probitems the PCG method failed due to excessive computing time. This
failure may be attributed, in part, to 1. the highly nonlinear characteristics of the
missile and the ramjet propulsion system and 2. to the high number cf equality and
inequality constraints involved in our problem, which were handled by the method of

e

penalty functions. During the iterative process the trajectory tended tc ieave the

bounded altitude-Mach number region, for which valid ramjet propulsion data were available.
Hence, comparatively high penalty coefficients had to be chosen already at the beginning
in order to force the trajectory to stay within the limitations of the propulsion model.
Adding penalty functions to the performance index containing perlodically increased
constants may change the original optimization problem to a large extent by creating

; narrow valleys in the state space res'ilting in extremely slow convergence. Therefore, the
FCG method has been abandoned.
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Parameter Optimization Methods

The appearance or efficlent anéd rohnet algorithms to solve nonlinear progranming
problems (NLP) during the iast decade has led to the replacement of the more complex
calculus of variz*ion methods by techniques which dicretize the problem in some way. Such
an approach reduces the criginal continuous optimal control pcoblem to one of finite-
dimensional parameter optimization. i.e. NLP. The approximation of the original problem
may parameterize the states as well as the controls ., 13). The methods employed in the
remainder of this study; however, parameterize only the controls. Parameter optimization
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methods and unresolved problems connected to it are surveyed by @,

An obvious direct parameterization method is to represent the control vector function
u (t) by an explicit function of a parameter vector p ¢ E™ and thus control the trajectory
by means of equation (2). Although it is natural to treat the controls as the independent
variables and the states as the dependent variables in the systems equations (2) it is not
essential to do so. In problems involving terminal state constraints and/or state
inequality constraints it may be more convenient to treat some of the states as
independent or nominal variables and to determine some or all control variables in terms
of these independent variables through the state equations.

In our method of approach some control variables “L(t) are approximated by specifying
uge) = 1. ps, t) 1i=1,2,..., 0481 (10}

where Ti are known functions of the mi-dimens1ona1 parameter vector p.. The remaining
¥~r; control variables U,y 4/ Qg sreeay u, will be uniquely determined in terms of a
selected set of independent or nominal state variables. Similar to (10) a specific para-
meterization for these nominal state variables is adopted

xj(t) = Tj(gj, t) 3= 12,000, xoxy (11)

where each Tj is a known function of the m,-dimensional parameter vector p.. The form of
the parameterization (11) chosen should be consistent with the terminal conditions and the
state inequality constraints of the problem. If the j state variables are enforced
according equation (11; the control variables Ur1g1, Uptsarecer Uy are uniquely deter-
mined through the state equation {2). Unfortunately, in most cases these control variables
cannot be determined explicitely in a straight-forward manner without having to integrate
the differential state equaticn (2} numerically. To circumvent this difficulty we ccnsider
the variables x. of {11) as nominal values for a pitch controller, whica determines the
controls u_.{t) in such 2 way as to drive the current state variables to the nominal vaiues
of egquation (11}. Thus, the controls U qgqreecr Uy, are defined by a control law

u sl = T lpy, xlt), ©) = T, (g, © k=1,2,..., r-14 (12)
where Tk represents a specific relation of the nominal values xk(t) and the mk-dimensional

vector p,, which combines the parametervector p. of eg. (11) and p; . The control models
utilized in different flight path segments are described in the next section.

letm=m +m, +... + m, +m_ and define the m-dimensional parameter-vector p by
ET = [E§| gg I lgzlg?]. For given initial values x (to) the dependent variables x can
then be solved in texms of p by numerical integration of the differential state equation
(2) in the interval [t , t.]. The cost functional Jlu,3) reduces to a function z(p) and
thus yvields an ordinary minimization problem. This will be solved by a variable metric
penalty function method emploving either the Davidon-Fletcher-Powell (DFP) algorithm or
the Broyden-Fletcher-Goldfarb-Shanno {BFGS) formula (10, 14). However, with respect to the
boundary conditions (3) either penalty functions or projections may be emplcved. We found
for our control problem that the DFP or BFGS aljerittm coupled with a jvadient projection
technique for handling terminal state constraints offers computational advantages. Most
trajectory optimization examples of section 5 were solved by an accelerated gradient
projection scheme. In this case the penalty terms associated with the condition (3) are
dropped from equation (6) and the parameter optimization problem may be stated as follows
minimize z(p)
subject to the (13)
boundary condition gip) =0
Note, that the differential constraints (2) do not enter into formulation {13) as they are
solved by numerical integration.

The gradient projection algarithm ) consists of a sequence of two-phase cycles,
composed of one or more constraint restoration steps and one minimization step. Starting
from an initial point 2° a varied point p k+1 is computed according

2k+1 - Ek + uk . s (14)
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where of represents the step length taken along the search direction §k and the super-

script indicates the iteration cycle. In the restoration phase the task to be accomplished /3 17”:
by the parameter upcate scheme is to meet the desired end conditions within prescribed
tolerances. The parameter set is updated using the displacement

LR e

6‘21 = ai- i -ai-gi- 2; (5;-_}21. s;)- . g {15)

Ita

with a nominal value g = 1, which may be reduced within 0.05 < a < 1 to enlarge the
convergence ragion. In equation (15) gi is a diagonal weighting matrix which attempts

to normalize the effects of the various parameter and will be updated as described below.
The notation gi indicates gi = 3(21). The matrix gi contains the partial derivatives of
the constraints with respect to the parameters and gi is the vector of constraint errors
for the ith—iterate. The minimization step is accomplished along

R (16)
s = -1 B§

where Fk represents an augmented cost function

e R AT & (17)

which adds the constraint errors gﬁ via a constant Lagrange multiplier

k .k k-1 kT ok _k
A= o~ H . . 1
2= (g B g)) - (g)" - Bz, a8
to the original cost function z(p).

The step lenght uk is determined by a one-dimensional search

F(gk + ak-§$) = min (F(gk + a-g&)) {19)
«

using cubic interpolationto lucate the scalar parameter ak which yields the greatest cost
decrease. This search is terminated prior to passing the minimum at o* if either the
parameter changes or the constraint errors exceed some prescribed bounds. In this case a
new restoratior cycle is initiated without modifying the matrix H. Otherwise H is updated
by use of quasi-Newton methods. These include the famous Davidon-Fletcher-Powell (DFP)
and Broyden-Fletcher-Goldfarb-Shanno (BFGS) formulas (see for instance Ref. 14):

KT Kk ,oK k k, T
(4E. )" B AF ap™ (4p™)
§k+1 - Yk-gk N IR P P ¢

(6p")" aE] 9" apg

-k

- X ;’T_ka ) 'Ek'ﬁzg'(Agg)T'Ek (20)
H™AF
(8EF) B A_pE
X :k
-t -[(Ag“)-(ag")T B+ w5 arf (0pnT }
(ap ") *aF p 4
=P
k. R
where ¥y = 1,353 = o for DFP method
N for BFGS method
and agg denotes
3 x+1 k
AF° = F -
g E, (g7} F(p")

and the subscipt p once again indicating partial differentiation with respect to p.
The required partial derivatives with respect to p are computed numerically using either
the method of forward finite differences
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or central finite differences
+ -
3z _ 2zt -z 39; 9y -9
3_- - 2+4 3 3p, = 26 (22}
Py Py 3 Py
: + - _
where the notation z = z(p1,..., pj + 8Pisvees pm) and z = z(p.l,..uz;):j Spj,..., pm)

is used. In the latter case a scheme suggested by Hull and Williamson is employed to
verify the magnitude of perturbation. However, the use of the central-difference formulas
is avoided whenever possible to reduce the computational expenditure. In most examples
the use of forward differences was appropriate. Another way of generating the partial
derivatives is by the quadratures of the error of the optimality conditions . In
gradient generation by forward differences compare favorable with error-quadrature
gradients.

{(11)

4. SIMULATION MODEL

Dynamic Model

The flight of the missile is described by a set of seven differential equations
written in a ralative velocity coordinate system. This system has its orgin at the
current position of missile’s c¢.g. relative to an Earth-fixed nonrotating xyz-axes system
and its axes are aligned as shown in Fig. 2. The equations of motion are as follows:

<
n

% [F:cos a-cos B = W] - ggysin v

. _ 1 .
Y =gog [Fsina + A} - %qcos Y
¥ = EVT%EE_Y +{F.-cos a-8in 8 + ()
123)
h =~y
¥ = V.cosy . cOs Y

v-cos y . sin ¥
= v * sin vy

e Qe
1

The associated elements of the state vector x = ve yex.m, x,y,h]T are the relative
velocity magnitude v, the flight path angle y, the relative azimuth y, the mass and the
coordinate of the missile point mass. 9, is the surface gravitational acceleration. The
missile is controlled by the control vector u(t} = [u(t), a(t), 8(£)17 whose components
are propellant fiow rate p(t), angle of attack a(t) and sideslip angle 8(t). Structural
limits, mission and propulsion requirements impose four operaticnal constraints the
violations of which are numerically integrated along (23)

g = (T 0 - T 0? $f T(£) > T, otherwise f, =0
b2 = (4, - M(e))? A€M, > M(t) otherwise &, =0
. 2 . (24)
L3 < (h(t) - hmax) if h(t) > hmax otherwise gy = 4]
{4 =({t) - n 2 if h(t) < h_= O otherwise &4 =0

with initial values ;i(to) = 0 and required condition ;i(:f) = 0.

Py

R

bl o 2o b 4 o




g

b g s et b i, S gy &

L

Aerodynamic and Propulsion Mcdel -

157
The aesodynamic and propulsive forces are obtained from the relationships

W 6w

L= CL( a,M)-q-S

b = C,l o,4,h)-q-8
0
F

{25)

CQ( a,M)-q-S

Co(M,h,u)-q-S

where q denotes the dynamic pressure q = % o v2 and § is the reference area. Thrust F is i

considered to act along the vehicle body axis. The aero-thermodynamic heating load is
described by the recovery temperature Tr which 1s given by the adiabatic equation

=71+ 5249 (26)

where T is the ambicnt temperature and x is the specific heat ratio. The atmosvheric proper-
ties, i.m. density p, temperature T, speed of sound a to define Mach number M = v/a,
are derived from the 1962 US Standard Atmosphere model.

The gerodynamic data are given as drag polars and the dependence of the aerodynamic
coefficients on angle of attack g and sideslip 8 is assumed linear at each Mach number,

thus
CL = CLa(M)-a
e, Cpo ) - {i4cn) + k() C (27
Cq = Coeli)+2

Since the missile is considered to be sSymmetric we assume CQS(H) = €, ). The aero-

dynamic coefficients C,Q(H), CBO(H) and the induced drag constant K{¥} are represented
as tabular functicns of ¥ and are determined in dependence of the current Mach number
by means of cubic spline interpolation. The “hrust coefficient C_{%,h,z) is characterized

I

by a strong sensitivity to the flight conditions M, h and to the propellant flow rate u.

It is also given in the form of tabular data. CP is modelled for different values of

¥ = const. by bicubic spline functions and the dependence on u{t) is determined by cubic
interpclation between the several planes CF(M,h)Iu = const

The lower operational limit for the ramjet propuision considered is given by the critical
Mach number M, = H (h,p)}, whick is also

Wil

given in form of takular data and medelled utilizing
bicubic spline functions. With respect to the fuel flow rate » the propulsion

characteristics require u{t} to obey u , % u; 7 u(t) g By £ Mg,, With the additional
restriction of ¢ = uy/ vy 2 44, for the throttle ratio =.

Control Model

[EaLIL

The trajectory is determined by thres control variables: the mass flow rate u{t), which
implies thrust magnitude, the angle of attack a(t) and the sideslip angle £(t). To

H
iy

formulate a trajectory optimization problem as a parameter optimization problem, the
infinite-dimensional controi must be represented by a finite set of

.

parameters. There &are
several ways in which a parameter vector p can conveniently be chosen to approximate the
continuous concrol u(t).

The time interval ito, tf] can be partitioned and the parameter of p can specify the
magnitude of the control variables at svecified points in time. Simple
i

linear inter-
N
polation or cubic spline interpolation a can then be used to defin

[

the control
variables at intermediate points in time. Alternatively, the parameters can be regarded
as coefficients of some mathematical model, which may be either a function of time or a

function of the current state. Both nethods are employed in cur conirol model.

Generally, we approximate the :{t}-control, i.e. propellant flecw rate, by straight-line
segrments. In a limited number of examples cubic splines were used instead.
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The angle of attack a{t}-parameterization assumes constant flight path v segments and
“cruise’phases at constant altitudes h, f.e. a flight profile as shown in Figure 1. The
desired values of constant y or h within path segments are consideved as the nominal
values for a simple pitch controller which defines u(t)-control in a closed-loop form.
During a climb cor descent segrent i the angle of attack is determined by

= ¥(®) -y ¥i{t}
alt) = a  (t) -a | S = (28:
t vi
¥ithin a constant altitude flight path segment z is calculated from
« h(t) - h_; {%)
alt) = e () _ {__C___-_z + ] (291

hj %]

In equations (28}, (29) denote Yni and h i the desired values of fligh“ rath angle andé
flight altitude, L C., C repzesent dezghtxnﬂ coefficients and o is a preset constant.

Furthermore, LI deno*es tne steady-state angle of attack

m(t)-go-cos ¥ .

= NI
st (F(t} + C

¢ -g-S)

(30}
La

resulting from the second state eguation (23) by setting

S

= 0 and sin = = a. Note, that
nt = © for constant altitude flight phases. The bracke:t terms in equation (28) ana (29

3

o
-

represent linear combinations of the error function and error rates of change. The
a-control derived from {28} or {29) is restricted to laf{t}] < a specified
control bHound.

with

Tmax

At least four flight path segments are assumed: climb, constant altitude cruise, descent
and constant altitude sea-skimming phase. The c¢lizb and descent phase may each be
partioned in additional flight segments. However, only two constant altitude flight

segrents will be considered. In the constant altitude cruise leg the desired nominal

altitude h  is set equal to the specified maximal altitude hoax nd in the Sea-skims
T =

phase the nominal value h is chosen tc correspond te the specified terminal altitud
As wil® become obvious frg_ the next section, h__ _ represents the optismal cruise alt
for our irajectory problem,

The nominal values Yni 2% well as the weighting coefficients C_ ., C?i, ... for the pirc™
1] H and
controller {28) or (29) of the different flight path seg=ents i are colliected in tae

parameter vector p to be optimized. Proper selection of the weighting constants wiil

result in an optimal transient from the current states vit) or kiz) to the desired,
nominal values.

The a-control model chosen fepresents an attempt 0 ellizminate the expiicit appearance
{ Both are satisfied directly
vy the control {2%). Turthermore, satisfaction of the path ineguality constiraint
i i
] i

of the final states hg a2 y_. in the boundary corndition

t) 2R, and Rit) > O is achieved easi

i
e ¢f high penalty coefiicients
in the associated penalty functions. Hence, the numerical H

fZirulities =enticned in

123

Sing the use of penalty functions are kept to a =ininmun,

angle is 5(t) = O for ail but the last path segment. In the final sca-

skimming flight leg lateral maneuvering of the missile is scomplished by a bang-bang
ype 8~control. The magnitude of £({t) is numerically determined fron :he third state

ifferential eguation {23} for a specified lateral acceleration. a control comstraint is

8{} < /2 -32

i

ti (313

where a{t} resuits from eguation {29). Hence, hich lateral acceleration regulrements
resulting in higher 3-angles will not be realizakble.

The optimization tachnigue determines the controis u{t) and o{t} in the sense of th

i

ot
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above stated approximation. With this control =model the resulting trajectory may not be
optimal for the probics originaily stated but shoulce be very nearly s¢ for sost probicss
of interest. .

5. NUHERICAL EXAMPLES

‘ This scction presents twe exasples fllus:er

ating the potential perforzance isprove~
nts that can res:lt from the implesentation of

opti=al controls. The Iirst exasple
- considers 3 =issile flight =ission at sea-rkirminy altitzZes and demonsirates the
i=provements gaingd Ly continvous throttle capabilities. The second exa=ple corresponds

2=ples to be presented in this section the

to a iow-high=lov mizsion prefile. For all ox
loolations were performed oo 3 UNIVAC 1308

5
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2 3
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¥y and will be decclerated in the interval LR
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prescribed ters=inal conditdon. The thrust Jszoriated w h

4
;3

th the specific fuel flow raze

4

-7
cancel the increased drag during this flight phase. Thus, in order o =cet increasing
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cruise occurs at the maxizal allowed altitude. There is a
congtraint hr_ax at the beginning of the cruise segment. This vislation coul
2t the expendirure of zdditional cosput
tolerable. The velooity time history shows a continuous increzse during the cruise phase
" indicating that with

irions no steady state is athievable. The magnizud
ng the cescent ang fimal Tt

of v{t) unlergoes ra
fro= FPigure 2 that £

The recovery te=gera

once aga 4
congidered zcceptabls

the fuel flow conirel

ted that fuel

a ciassical stead

wl
b
b
)

xur example the

i

2 H
&S LTEiss o

s

»

w
o

i




REMARKS

iivs

e

i

J

vy

']
i

TEnt,

LEeE:

ise,

e
f=a

 of

= Emn
SiEE

igs

iex,
-

comp

ETE T

=

S

TS

£T

to soliv
Gene

=

ics
rrok,

o=
P
EEnds™,

€

e

OTeg

[
shes
odynzn

=

®s

L=

{

1
3

B
-3

o

TICR
-

§

€a
=34

S

T
==
*

ins
5 ;is
-
TESSE

=

8

]

rx
P —
TSas,
TARS

&,
H

Per
o

o

e
-
2=
A




Wiy

T

g ——

} »

FLISHT EgUialE -
“AE. FLISHT ALTITuDS T, RBIET igNiY /‘5‘ 13
T, Ziimk Tass
T, CRUISE TasesiTion .
=3 ZESCENT TRANSITIO
T3

'L
[Z N ]

CONTROL VECTOR ; CONTROL BOUNDS
Ult)= {uit},a(i),ﬁ(t}] HminS By S plt) s Hmax

1
H
:
z
H
1
]
]
,
]

o % % E] i 4 ¥ Lx

FEAIAR AsTRING T sT S Loase

C < n(y ¢ P rax Eissios Sromracvins

x(tf} - x(fs.: 4 éxwv - -

Mty zMC('n,u} Sasteg siem 2

LT

W s

Q=H,/ H| € Omax

Ve R2ry ‘
B =Var B e,

Fisure 2:DerixiTion oF CowTRoL Vapiapies asp Foness




P

A —— st e ko

o e g S ) AR AR I 0 AR

/514

5
sea skim flight tetoy
h:10m
control paramneter p‘[/‘"wv]
vy specified -
T 4
)
L
>
3
X
q
w 3
:
i—
o
[a]
- 2 s
e
B =
i 8
) ~
Z
% 1
w
4
N\
o
06

£
¥

10

PROPELLANT CONSUMPTION x [n.d]

r 10

06

16ure 3:1EpFEcT OF (oniRoL PARAMETERS (i t,, O Weavine FLicwt Distance

(FINAL VELoclTY v SPECIFIED, LATERAL ACCELERATIONQ, VARIED)

10
/—'\’Axwv e
09
—_ R / /:T kA "wviz Yrnax
v e
> 08 \ 0 Xy 1
. \
ot \ T
8 8 Xyyyr 0
-
Y o7
sea-skim-fhight LI 2 S
06 | h:1om
| a2
control parameter ps (ﬂ "wv]
[+3-3 : '
[+] 025 .5 0.7%

10

TIME t {nd)

Fi6ure 4: Vevoctty Timg History In Depenpence of DifFerexy Mission
REQUIREMENTS AX,, (vf SPECIFIEN, LEVEL FLIGHT)

t by I al

TIME

A

vy




¢
4
15-15
10
Sea-skim-flight t tv
h  =10m
: o, m2
- T 09 — 3 2
C
< /T\ Vrnax
> - \
- /
Py N\
v o8
g / P, \_\\ \
- w 3 == Vbt
> (
0.7 N
i i P10
4 R Vv——-v—
) / len
oe \\,_,._f-f—"/"‘ /
cs
[} 02s 05 075 10
TIME t [n.d]
Fieure 5:VerociTy TiME HISTORY FOR THREE EXAMPLES OF FUEL FLow CONTROL
10 <
— max !_
c |
L
s .
o8 2 + .
o w ! /
™
g __.__.__...._._._‘.’3__.._1/
3 0e
S Pio
1 i
,‘Z_ ——‘_’/
g oa /- )
z / sea-skam-Tlight t<t,, q
| n a10m \
Q i
[:4 axX 22 4
o H
o2 8 =2 _] .
| 1
7777 e 1 234 Pro :
1 "r/‘rpz'/'!27 |43
o}
1 o 02s 05 075 10
TIME 1 [nd}
Ts ) Froure 6: PropeLiant Fuow RATE vs TIME FOR THRee EXAMPLES OF LEVEL FLIGHT
o7 ; "‘
b
N I3
4 = == — i T T :
F




w1y o€ O A T

10
15~/
i — 10
¢ (t)
3 3
g k=
v ';' 10 R~
c
L L g
£ > )
4 I
E " ____'/\—f g os %
s -
h
& / iy &
b} 5 h{t) g
ny 300 ﬁo,’
\ 06
100
0
o] 02 04 0.6 [03:] 10
TIME t [nd]
FIGURE 7: FLIGHT ALTITUDE, VELOCITY anp RECOVERY TEMPERATURE vs TIME
10 I —_—
2 )
operational conditions: L £
h'.“a 2 0.8 ¥ 10
— X X QU
q AXwy = 2 %
£ 08 a =2 P u
% 2
X L [8 4 .
2 A), o L
[*] J
L os 3 o
$ «(t) z oz o
a < 0
b4 / —
6 I [ o
0
E 04} - SUSUS U E A — 44 o2 7
z / :
g !
-
-l
i :
a :
[v] -06
14
@ 02 —— M
V777 A vrin 10
o
4] 02 04 06 a8 10

TIME t [nd]

FIGURE 8: CONTROL VARIABLES as FUNCTION oF TIME For FLIGHT EXAMPLE o FIGURE 7

T T =TT T N T v - T - - - ) T 'J’i"fgv__‘




PR b e gt et g g = — — A A‘.DJ

1517

ANIVYLISNO) 3GNLLLTY
aNY 2ONYLISHE LHO1TY ONIAY3H 40 3ONIANIAS NT X 3ONVENMO(Q FQT 3unoly

SONGE D] 3By NG TN INIVYESND) 3GNLIIW 40 12344336 3unolg AT '
[pu] x> 1HONS ONIAVIM J0 TONVLSIC o
3 v z i 0 -
s N 20 [Pru] "™y zunLinIv LHONE TN YN
I ! | ot a9 90 70 zo o
Z = _m - —— v— [, _
Lo e il — . | |
UCI1L13]3DDe BuLdANIVeW \
O\ ’Lﬁllll .
= L »0
I S \ \ 5 O
70 —_ .A ” y 9o §
ﬁ / ul M
Z
—_ 7/ :
. +
0 N // fs nm
<X —— 90 w o m
D
T
8'0 // > so 3
80 IN z fniy
N f
~N
~ x
t ~ N ~N ——
> g < eo 2 wioz sy ABULI IPNINNE I UM
xew N Q | )
~ s 1 v le  uopessientse Bupsansuew
N
| N \ A _ o't
| / N
/ AN
N
/
N\ ‘
— ot
! 4
-]
- P - o AR e

uf, vy
Sopiaine - i e ar—cengestgprer oo — v l
o

' i




- - —

B R

3 2
£

x 08

8 1‘5>P5

E <7 Axwvl2 N 2

14

r4

2

(o]

[a}

/

maximat flight altitude 0,8
O H) tnear vaned in etimo
T At)s Hongy aunng cimd

o 1 2 3 4
LATERAL MANEUVERING ACCELERATION 3[nd]

04

FiGure 11: RanGE PERFORMANCE vs LATERAL ACCELERATION

10
_— “ak'z al 20 /
—— ax, w2
al -2 h =10

—
£
<

“os

* h 0.8

w
15}
z
<«
14
4
2
3

086

/ operational constraint
/
04
1 2 4 € 8 10

THROTTLE RATIO P

Froure 12: ErsecT oF THROTILE BATI0 ON RANGE PERFCRMANCE FOR LOW-HIGH-LON
FuienT Prof 1LES wiTH CRUISE AT ALTITUDE h AS NOTED

P2
4




o

i

1519

DISCUSSION

H.Wittenberg
The optimum control for maximum range, which you have shown in your examples, se2ms rather complicated to
perform in actual flight. This is often the case for solutions. which are found by optimization theory. Have you
compared your optimum range with the ranges which are obtained by simpler contrel functions. which approximate
the ;deal ones?

Author's Reply
Some examples of trajectory simulation results ctiizing simplc controls are ziven in the written paper The
simplified ceatrols result in a range performance decrease of abont 5 to 10 percent when compered to the optimat
solution, However, the main advantage of the more complex control programs is scen in the fact that these controls
can be adusted such as to avoid violations of the operational constraints. .

The problems of on poard impleraentation of the contro: solution has not been considered,

T.B:zilinger
Have vou considered using your method with fewer constraints. particularly with regard to the altitude Iimats which
seem a little Jow? If this were higher, would the throttle limits still be encountered? If such were the case, 1 wender
if you would encounter 2 more continuous control for both the angle of incidence and for the throttle?

Author’s Reply
Both the altitude constraint and the throttle linsts imposed on our problem are due to mission requiremcnts and/or
due to the characteristics of the propulsion system. We have considered higher altitude trajectories; however, the
aftitude had to be restricted to the range of available propulsion data, which is limited with respect to height.

Also, for a wide range of trajectory optimization problems, we have neglected the constiaints on throttle ratio.
Alowing higher altitudes and neglecting the progellant flow constraints would result in the same structure of the
fhght profile due to the control model chosen and hence wouid not change the characteristics of both the angle of
attack aad the throttle control.

Comment by R.Marguet (In French)
Application studies in France have shown that going to higher altitudes helps the optirization of range. The
improvement in range a3t 20 to 22 kilometres is closer to 15% than §%.

Auther’s Reply
Well. I think it doesn™t make much difference whether | use trajectories for several maximum altitudes in the range
between 10, 15 or 20 kilometres. It doesn’t make any difference to the optimization effort. The rcason why v¢
constrained ourselves to this range is thut we were considering ducted rocket ramjets with restricted throtle
capabilities.
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JET-AFTERBODY INTERFERENCE ON MISSILES IN SUPERSONIC FLOW *) /b1

by

BERNHARD WAGNER

DORNIER GMBH H
Postfach 1420 :
799 Friedrichshafen
West-Germany

SUMMARY :

For the axisymmetric base flow problem in presence of an exhaust jet a study is carried out taking into
account essential physical parameters. Using the method of characteristics ror the inviscid flow reqions
and Korst’s treatment for the turbulent shear layers, the influence of the approaching boundary layers

is introduced by the concepts of equivalent bleed and origin shift, and the ONERA angular criterion is
used for the recompression process. With respect to the interferencec in the confluence problem of inter-
nal and external shear layers special attention i3 given to the morentum terms in the ONERA criterion and
a modification is performed in order to achieve agreement of botr reattachment pressures at the confluence
point. The investigations include separation from conica® boattails by applying a simple separation
criterion and extend to small angles of attack by computing thne inviscid “low with the aid of a linearized
characteristics method. Furthermore, for the axisymmetric case a first result is provided from numerical

solutions of the full Navier-Stokes equations which are presently caiculated in order to gain deeper in-
sight into the flow structure.

i. INTRODUCTION

The importarce of the base flow problem with respect to performance of missiles is obvious since a great
part of tne total drag might result from the afterbody if its design is not optimal. Therefore, the after-
body contains frequently a boattail for drag reduction (See e.g. /1/). But the increasing pressure on the
surface of an axisymmetric afterbody when the diameter diminishes leads easily to separation. Once the
flow is separated the stability is affected because the separation position moves asymmetric in consequence
of a disturbance in the angle of attack. Additionally, in presence of an exhaust jet the separation re-

giuns may be largely extended due to high internal pressurz resulting in loss of control if the control
surfaces are covered by the separated flow.

I the past some authors developed prediction methods for :nis complicated flow problem in the axisymme-
tric case by use of a component model (see e.g. the survey paper /2/), based on the approach of a simple
downstream facing step. The supersonic backstep problem can be calculated in the following way. For a
trial value of the base pressure p,, which is assumed to be constant in the stagnating separated regions,
the inviscid boundaries of the basg region are determined by the method of characteristics. Then a viscous
shear layer is imposed on each boundary and the streamline discriminating between the external mass flow
and the mass being reversed to the base region can be found. Finally a closure condition must be formula-
ted for the reattachment crocess using the flow conditions on the discriminating streamiine. By iterative
improvement of the base pressure this condition is fulfilled and the solution is found. The first success-
ful closure was accomplished in the theories of Korst /3/, Lhapman /4/, and Kirk /5/. They assumed that
the f ow on the discriminating streamline stagnates at the reattachment point in an isentropic stagnation
process and that the corresponding stagnation pressure is egual to the static pressure far downstream.
while Korst predicted the base pressure satisfactorily for the case of turbulent shear layers without any
account of an initial boundary layer at separation, Kirk has aiready introduced an approximation for this
feature. Detailed analysis of experiments showed the quantitative succecs of the first approach of Korst
having been due to the fact that two effects cancelled each other approximately, namely the neglect of the
approaching boundary layer and an incomplete pressure recovery at reattachment /6/, /7/. This knowledge

led to the construction of angular reatlachment criteria which produce good results in connection with i
initial boundary layers.

.
el

The more complicated problem of a flow over an axisymmetric afterbody containing a centered propulsive jet H
has been treated by Addy /8/, who applied the ideas of Korst®s restricted theory on the confluence of the i
two Shear layers. But for good agreement with experiments it was necessary to modify the original recom-
pression criterion by an empirical recompression coefficient depending on the ratio of nozzle radius to
afterbody radius only. Further investigations for boattailed afterbodies led to modifications of this re-
compression coefficient introducirg further parameters for such cases /9/. Since such a procedure cannot
account for all physically important influences, especially not for a Reynolds number dependency, it led
sometimes to still unsatisfactory flow predictions. Hence, it was decided at Dornier to introduce the
boundary layer corrections in combination with the ONERA reattachment criterion into that method and to
study the sensitivity of results to changes in uncertain empirical parameters or in differences concer-
ning the treatment of the approaching boundary layer /10/. While this procedure corresponds in essence to
the ONERA calculations for cylindrical afterbodies /11/, the addition of a first approximate account has
been made for the interference between both shear layers during recompression. The present paper continues

the previous investigations by additional discussions which are stimulated by an excellent survey paper
given recently /2/.
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1f the external flow exhibits separation already on the boattail surface in consequence of high ratios of

/é-él.jet pressure to external pressure, a simple separation criterion has been included into the method /9/

extracted from many experiments on upstream facing steps /12/. Further evaluations of experiments indica-
ted the importance of incipient separation effects /13/ and thus led to a modified version of tne Separa-
tion criterion which is presently used.

Only a few investigations are known which deal with angle of attack effects for afterbodies containing a
propulsive jet {e.g. /1&4/, /15/). Restricted to small angles of attack for avoiding lee side vortices the
separation line nas been calculated in ref. 15 by neglecting the angle of attack influence on the invis-
cid external flow. Then, the variation of the separation position in circumferential direction followed
solely from changes in the separation criterion due to corresponding changes in the boundary layer thick-
ness known from the experiments /15/. In the present study the angle of attack influence on the external
inviscid flow is added by linearizing the angle of attack effect with respect to the non-linear axisymme-
tric solution. This approach uses the well known linearized method of characteristics {see e.g. /16/) and
is justified by restriction to sufficiently small incidence excluding the shedding of lee side vortices.
Knowing the inviscid pressure and Mach number distribution and the three-dimensional boundary layer deve-
lopment, the base pressure and the Separation point can be calculated for each meridian plare separately.

Since a base pressure calculation with the aid of the component model requires 2 lot of empiricai para-
meters, which contain more or less uncertainties, the results are somewhat uncertain, too, if no further
detailed experiments become available. Hence, the progress in numerical solutions of the Havier-Stokes
equations suggests the use of these methods (e.g. /17/) in the present context in order to get further
insight into the details of the flow structure. Although such numerical solutions may includz2 some un-
certainties, too, due to deficiencies in the knowledge about the turbulence structure in separated regions,
this way is at present pursued at Dornier for the axisysmetric case and a first result is included in the
paper.

2. COMPONENT APPROACH

2.1 Ixternal Inviscid Filow

Assuming homentropic flow and prescribing trial values for the bLase pressure p, and the separation location
the external inviscid “low in tne axisy.metric case is computed with the aid o? the methoa of characteris-
tics for potential supersonic flow. Hence the separation shock (Fig. 1) is represented by an isentropic
compression and 1ip shock effects cannot occur, which were supposed to cause considerable effects /18/ and
could only be calculated by methods of characteristics for rotational flow. Correspondingly, also the
inviscid interral jet flow is calculated, assuming it to be uniformly conical if not known otherwise. At
the impingemert point of both inviscid boundaries of the separated base region a system of two oblique
shocks is presumed for determining static pressure and initial slipline direction behind the confiuence
point.

For cases with angle of attack additional characteristic equations have to be solved for the disturbances
of Mach number and flow direction due to the incidence. Fortunately, the partial differential equation for
the disturbance potential is Tinear and it exhibits the same characteristics in the physical space as the
quasi-linear equation for the underlying axisymmetric case. Therefore, the numerical procedure is straight-
forward once the axisymmetric solution has been found in an iterative way. If the basc pressure varies

in circumferential direction, the parts of the inviscid flow fields which are influenced by p, must be
calculated separately for each meridian plane, the axisymmetric solution implicated. In appligations of
linearized characteristics methods discontinuities appear in the solutions .hen those characteristics are
crossed which emanate from contour points of discontinuous curvature or discontinuous slope. Fortunately,
the influence of these discontinuities concentrates on local zones while the global effects remain
negligible. More details can be found in Ref. /19/.

2.2 Shear_Layers

The method imposes two-dimensional shear layers on the three-dimensional inviscid boundaries assuming an
asymptotic error function profile for the velocity distribution in the shear region. The local breadth
of this layer depends on the distance of its origin and on the spread rate parameter, presently used in
the form of Korst and Tripp /20/ as a pure function of Mach number M

O=124+2.758H. (1)

Since the experimental values for o exhibit large scatter, the influence of that scatier has been studied
in /10/. Because the pressure is presumed to be constant and identical with the base pressure across the
shear layer, the density profile can be derived from the velocity distribution under the assumption of
unity turbulent Prandt] number. This correlation follows from Crocco’s relationship where non-isocenergetic
cases are admitted with the stagnation temperatures in the external flow and in the separated base region
being different /21/. Hence the principal treatment of hot exhaust jets is provided in the method /8/, but
presently no use is made of this facility since the poor experimental information on those problems affects
the reliability of corresponding predictions. The location of the velocity profile with respect to the
inviscid boundary is found by fulfilling the momentum conservation law while the mass conservation fixes
the position of the discriminating streamline aiready mentioned.

if an approaching boundary layer is present it undergoes a rapid expansion at the separation point or a
rapid compression in case of a shock. This event can be calculated with sufficient accuracy by a simple
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formula of Nash 722/ for the change of the m¢zentuz thickness
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with the subscript a denoting the inviscid flow oulside of the shear layer. Differences between e3.{2}
and other treatments can be shown to have negligible influence or the pase oressure. Introducing the
initial disturbance by this layer and adding a bleed stream into the base region, the momentum and =ass
conservation laws yield that the position of the discriminating streamline and hence also the velocity on
it depend cnly on a general bleed coefficient.
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where i i5 the mass flow and i the momentum of the bleed stream. The length L consists of the length of
the mixing layer from separation to impingement and, in addition, of 2 virtual upstream displacesent of the
shear layer origin due to the finite thickness of the initial layer. In that way eq. {3} contains the
classical concepts of “equivalent bleed” and “erigin shift®™ where the origin shift is presentiy carried
out by the experimentally well proven procedure of ref. /23/. The present formulation of {, {3} 1s slight-
1y different to the original one of the ONERA (see 72/ or 724/} in order to make the reccmpression crite-
rion formulas independent of ¢ {see /10/}.
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2.3 Recospression Criterion

Many efforts have been underiaken to model the recompression process properly /2/. From an engineering
point of view the well established ONERA angular criterion is very convemient /§/ because it gives simple
correlations and contains comprehensive empirical information. It is based on two experimentally evident
facts for simple backsteps. Firstly, the recompression deflection angie for the restricted case of 5o
bieed and no boundary layer W cannot be predicted theoretically but must be taken from experiments. for
isoenergetic cases this limiting angle is a pure funciion of the outer flow Mach rumber showm in Fig. 2.
It is very close to the corresponding angle calculated from Page’s criterion /7/ :n the impertant Mach
number range {2€Ma § 4}, but differs essentially from Korst’s restricted case. The limiting angle is well
approximated by the hyperbola given also in fig. 2 /23/. Secondly, the changes of the actual recomprogsion
angley as function of the general bleed coefficient L {3} are wel] predicted by the theory of Korst which
gives an analytical expression for the gradient of y dépending again on the Hach number alone for isoener-
getic cases. Tnerefore, from the first two terms of a Taylor series expansion
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the general bleed coefiicient [, can be calculated which states by eg. {3} & balancing condition between
approaching boundary layer and gase bleed. For 2 simple backstep the base pressure is now iteratively
improved until eq. {3) is fulfilied wnile for the two layer confluence problem eg. ;{)3} gives an expression
for the flux leaving each shear layer between the discriminating streamline and the streamline which sepa-
rates the original external mass flux from the entrained mass, the so-calleo j-streamline.

whereas this procedure signifies an independency of the reattachment pressure development in both shear
layers except with the final pressures being equal, the treatment has been modified in Ref. 710/ with
respect to the expected interference of both layers /10/. In reality already the pressures at the confluen-
ce point must be equal and that common pressure can be affected by the downstream flow conditions only in
a very restricted manner /25/. Hence, instead of prescribing the reattachment by the inviscid flow direc-
tion behind the trailing shock system, the reattachment pressures ~ identical with the stagnation pressures
on the discriminating streamlines - are required to be equl for both layers implying a curvature of the
siipline between reattachment and final direction. The resulting reattachment direction accounts in a first
approximate form for the interference between both reattactment processes in the confluence problem. This
procedure is called "modified ONERA criterion” in the following.

2.4 Hass_Balance_and_Final Solution

The sum of the entraired mass fluxes leaving both shear layers at the confluence point in adfition to the
original externzl and internal mass streams must be balanced by an eventually present base bleed

m, tmy o= m {5)

Also if no real base bleed is present, eq. (5) permits in general a mass stream through the separated
region from one shear layer Yo the other. The determination of m, or m, from eq. (3) requires therefore
an estimation of the corresponding momentum term i. While this tém ha; been neglected in /10/, it seems
to be of relevance in the corresponding ONERA calculations /2/ and its effects are therefore jnvestigated
in some detail by the present study.

If both shear layers are treated independently the mass m and the momentum § can be taken from the outflow
of each layer. This way is denoted by "momentum terms without interference™ in the results presented.
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However, in the important case of no base bleed also the bleed torss in eq. {3} for cne of the shear
lavers can e understood as a result of the regative bleed due %o the cutflowing zass in the other layer.
That method is presensly characterized by “interference somenius terss” since it sodels an interference
influence between both layers in addition to the mass fiow interference {5;.

Finally, in a1l cases the soluticn can kg found by improving the base pressure until eg. 15} is fuifilied,
In tae non-isoenergetic casé which means cifferent stagnatjon temperatures in the external and internal
inviscid Tlow the solution could be found by using an additional iterztion loop in order o fulfill the
energy balance for the base region. Although Addy’s method provides this facility, no attoept has been
made to coepute itnose flows since the ONERA criterion has nmot been established for such ceses ano only
few corresponding experiments 2re knowm.

2.5 Separation Criterion

Zukoski extracted from many exneriments on upstream facing steps in supersonic turbulent flow the relation
712/
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where the subscript 1 denctes quantii-es immediately upstream of separaticn and £ Spans a plateau pressure
developed downstream in the separated 2one or the findl pressure immediately upstream of the step depending
on the value of the constant C {0.365 or 0.5 respectively!. But eq. {6} did not lead to genersliy good
agreement with experiments and when recalculating C from experizents, 2 sirgng variation of this constant
was fourd #f the separation point moved within the rearward part of the afterbady 713/ as shown in Fig. 3.
Since the values of C could approximately be reduced to 3 single curve if they are plotted against the
distance from the base plane divided by the boundary layer thickness, these variations could be assigned
to systematic incipient separation effects and could be approximated by the relation

t=3, (} _e-x§-} [¢)

where S is the distance from the base, & the voundary Iayer thickmes: ard £y and &t _two constants which
approximate the experimental findings best for the values 0.5 and I respectively {Fig. 3}.

Since ¥} and pp in eq. {6) for an arbitrery position of the Separation point are known from the nviscid
solution, eqs. {63 and {7) relate the base pressure uniquely to che separation position. Hence, in ine
solution procedure the iterative change of the Lase pressure could easily be repraced by an iteration of
the separation point without affecting the rest of the soiution process.

3. RESULTS OF THE COMPONENT APPROACH

3.1 Cylindrical Afterbodies with Separation at the Base

Figures 4 and 5 contain couparisons of the theoretical base pressure ploited versus the ratio of nozzie
exit pj to external pressure pee with FFA-experiments /13/ where the data of the nozzle boundary are un-
known. The case of Fig. 4 was used in /10/ for comparison with ail varients of the cocponent modeil dis-
cussed in that paper. The best result was obtained by 2pplying the =odified JNERA recospression criterion
in cosbination with the other components as indicated zbove. This result is represented by the Solid line
in Fig. 4. Changing over to the usual ONERA-criterion but inciuding interference momentus terms {dashed
line) leads to the deterioration of the predictions by a lerge aspunt in the directions of the original
Xorst criterion of isentropic recompression up to the final static pressure. However, introducing the
nomentum terms without regard te the interfercnce {dashed~dotted line}, being identical with the ORERA
results given in 72/, the results achieved zre for small pressure ratios similarly good as with the modi-
fied DNERA criterion winle convergence failures occured for hign pressure ratiod just as in the Addy
method which considerably underpredicts the base pressure. The convergence failures ¢nuld be shown %o be
due to the fact that tne necessary flow deflection in the external inviscid flow at impirgement exceeds the
maxmun possible deflection angle in an oblique shoik. Herce, this problem is probably related to the
experimental observation of embedded normal shocks /15/ vesuitirg in a ficw patrern sinilar to the well-
known Mach reflecticn.

Fig. 5 shows a further FFA-case having a higher external Mach number. Now only the momentum terms without
interference are used and the conclusions are analogous to those for fig. 4. In addition, 2 rosult is
presented for the modified ONERA-Criterion including momentyn terms which Jeads to a further improvement
of the predictions. Howevar, for high pressure ratios essential discrepancies sii11 remzin which can possi-
bly be attributed to 1ip shock effects /18/ being not calcuiable with the present method because of the
restriction to homentropic flow in the inviscid regions. -

Fig. 6 depicts the comparions with an ONERA expe: iment for two different Mach numbers¥; in the nozzie
exit which has a relatively small diameter 727, Since tne data of the nozzle boundary layers are known,
they are introduced in the calculations. The QNERA~criterion including momentum ternss without account for
interference leads similarly as the ONIRA theory /2/ to good agreewent with the experimental values up to
tae high pressure ratios of the case M; = 2 while the nodified ONERA shows slightly higher deviations and
the interverence momentum terms cause large discrepancies. Fig. 7 ajain presents a comparisen with ar
ONERA experiment which agreed excellently with the ONERA theoretical predictions 711/, the ONERA theory
almost coinciding with the Addy-curve in 7ig. 7. The present method overpredicts the bise pressure somo-
what, also if momentum terms without interference are used in the normal OKERA criterion. In order to give
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an impressicn how the very thin nozzle boundary layer, which is neglecied in =ost investigations, affects
the base pressuie, correspending results with and without internal boundsry layer are given ia Fig. 7.
Although the internal bourdary izyer is sbout an order of magnitude thirmer than the externail one, it in-
fluences considerably the base pressurc.{The cooplete experizentzl dita for this configuration zre known
frem private comunication}

Summarizing these resuits it ma2y be stated that the sooentus terss in the recosrression criterion are of
obyious imsortance. Bet because of doubls on the correct wdy to introduce thes 2 further uncertainty
arises in the method in addition to those already discussed in 710/, Furthermore, the noZzle boundary
layer appears to be alwsys of reatonzble infiuence 21s0 if it is extresely thin. hance, in order to resove
uncertaintics froo the prediction sethods further Shoroughly performed experiments are urgently needed
wnizh give detailed insight in the structure of the flow ficld for the two layer conflvence probies. Hith
regards to these aspects alse numerical solutions of the full tizme averaged Navier-Stokes equations can b:
vary helpful.

3.2 Results_for Separation_froz Conical Boattails

sccerding to Fig. 8 a good prediction of the separation point is achieved for all boattail ang‘lesﬂgof the
FFh-experizents /137 ia the rear part of the afterbody using the =odifications of the separation criterion
discussed above. But disagreement takes place in forward positions which is caused by the sensitivity of
the separation criterion to s=a31l base pressure variations and by differences between theoretical and ex-
perisental pressure -nd Msch m=der distributicns on the afterbody due to viscous effects at the body-
boatrail juncticn. ne results of Fig. 8 are achieved using the empirical recospressior coefficients for
conical boattails 9/ which give sspecially good results for the FFh experisents. A changs to the more
chysicaliy based approach described in section 2 worsens the agreement between theory and experiment, again
revealing the sensitivity of the separation point pesition to small changes in the base pressure.

Fig. 9 shows the corresponding results for the coefficient of the total afterbody drag CS}S plotted versus
boattail 2njle Pe with the ratic of internal io external static pressure as paraseter. The agreement
with the experiments /137 is sood for s=ail boattail angles ard low pressure ratios where no sepacaticn
or only incipient separation is sresent while the predictions become worse if extended separation regions
occur.

In conclusion these results Tor boattail separation also establish th
ments and/or Havier-Stokes calculations in order to explore the sensi

ed for further detailed experi-
ties
reliability of the predictions.

s shown and to iaprave the

3.3 Angle of Attack Results

First, for verification of the resulls from the linearized characteristics =othod 3 calculated boattail
pressyre distribution is crmpared with a corresponding oxperiment 714/ in Fig. 10. In shree meridian planes
which can be identified easiiy with the aid of the principel sketch given in this figure, the differences
betweenr the pressure coefficient of the angle of attack case and the corrasponding axisysmetric case is
depicted versus the distance from the body-boattail junction. The results show clearly the principal ad-
vantage of linearized characteristics methed {“present method’} compared with the usual linearization for
supersonic fiow (“linearized theory™), which means a lYinearization based on the undisturbad parallel flow.
The prasent method represents much better the tendency of the meazyred pressures than the values from
Tinearized theory which are constants in each meridian piane. Navertheless, in the rear part of the after-
body the agreement becomes obvicusly poor because of boundary lsyer separation. But ore rust not be con-
cerned on the following comparisons with FFA experiments from this point of view since the corresponding
afterbodies extend only to one caliber behind the body-boattail junction. Howover, other discrepancies
appeared in these measurements as already pointed out in Ref. /15/.

The boundary layer data needed for the separation prediction are taken fro= the experiments at angle of
attack /15/ but these data are available only immadiately upstream of the afterbody. Fig. 11 shows the
calculated pressure distributions on an annular base of a conical afterbody compared with FrA-experiments
715/ for different ratios of jet pressure to external pressure. In general the experimental trend is
approximated satisfactorily by the theory. For cases without separation on the boattail surface

{pi/p =1) the theoretical base pressure distribution compares well with the experimental pressurc aistri-
bution at the end of the afterbody,and the agreement between theory and experiment is better by use of the
empirical recompression coefficients /8/ thazn by use Of the more physically based approach {“fundamental
influence parameters”j. This inaccuracy of the last menticned and above discussed approach is probably due
to the unknown changes of the boundary layer thickness over the bozttail surface. For higher pressure
ratios only the recompression coefficients are used because of the worse separatisn prediction by use of
the more physically based approach as mentioned above. The predicted base p essure distribution exhibits
little sensitivity to changes in the separation criterion as c¢an be seen by comparison of the calculations
using the real local pressures and Mach numbers with those based on the underlying axisymmetric data.

In contrast to the base pressure behavior the position of the separation lire is considerably sensitive te
such changes in the separation criterion {Fig. 12}, especially in the forwars part of the afterbody.

Fig. 13 shows a comparison for the inclination of the plane going through the outermost leeside and wind-
ward side points with the measured inclination and with the simplified calculations Ly neglecting the de-
viations from the axisymmetric case in the external inviscid flow /15/. Cbviously, the present method gives
worse agreement for the higher pressure ratios but for a final judgement further details on the expari-
mental separation Tine are needed.
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axisymatric case froa the lack of detailed experiments® information. Havier-Siokes solutions ¢ould not
yet be srovided bacause of the high computational effort nosded for fully thres-dicensional caleuiations.

2. SCLUTIONS ©F e Full NAYVIER-STCKES tQUATIONS

Ansther approach to the afterbody probles is 1o scive mzmerically the time-dependent, compressibie Havier-
Stokes equations with tine-averaged turbulence structure 726/.The plarar two-dizensional cuzputer progras
developed by S. Deiwert has been modified by J. L. Jacotks 717/ to enable cosputation of axisymmetric flow
sver nozzie afterbodies with either real or simulated plumes. The basic numerical algerithe is the expli-
cit predictor-correcior schese of Maclormack. Turbulente modelling is accosplished using the algebraic,
two-17 er eddy viscosity modei of 3alcwin and Lomax with 2 Iscal =odifjcation 2s a function of vorticizy
described by Jacocks 717/. This method is presently being evaluated at Dornier and sedified to account for
the more recent scneses of Ref. 727/ ano Ref. /28/.

The mesh gereration is fully automaticaliiy based on a plume shape guess, the missile shape and an x-station
prescription as a {-type sesh, Symmetry is ensured by mirror-image volumes at the centerline, The zesh
consists of a fine mesh with a first cell size scaled witk ¥¥Re and totally 20 cells to rapresent the
viscous doainated region and 15 cells for the outer mainly inviscid region. Fij. 15 depicts the mesh being
used in the presest exasple. Zero-slip conditions at solid surfaces are applied using the reflection
principle on velocities, evaluation of the normal pomentum esmation for pressure, adiabatic weil condi-
tions for internal energy, and the eguation of state for density. Inflow boundary conditions are fixed in
tioe at thd inital free str2am conditions as is the ypper boundary condition. The outflow or downstream
boundary cordition is updated assuming zero gradients in the streazwise direction. For the supersonic
real-pluse calcvlition, the nozzle conditions are fixed to the initial supersenic jet conditions.

As indicated by Tig. 13, the shear layer between jet plume and separated base region is not satisfactorily
resolved in this preliminary test computation. Hince, no definite base pressure could be achieved and the
calculated pressure exhibits considerable scatter immediately behing the base {fig. 15). The velocity
srofiles of the body boundary Jayer and the external shear layer [fig. 16} are well represented,but teyare
within the expected i=pingement region {x/Dx9.3) still far from the asymplotic form presumed in the
ci=porent sedel. Therefore, this first resylt provides already a valuadle insigrt into an aspect of the
shear layer development which may cause considerable deviations from the cospeneat model assumptions.
Further work will be dene a3t Dornier in the near futuie in order to model properiy also the second shear
layer bounding the separated ragion.

5. CONCLUSTONS

The compunent 3pprozch in tre present form 21lows to account for initial boundsrv layers and leads with
sid of the modified GHERA angular criterion to reasonable predictions of base pressures in spite of a ‘ew
wrezeters and components remaining still scmewhat uncertain. The separation peint on boattail surfaces
can be satisfactorily detemined for the incipient separation range. For s=all angles of attack the calcu-
lated circusferential behavior of the base pressure is in agreement with experiments while the calcuiated
ssparation lines seem to be less accurate. In order to improve the prediction sethod, additional detailed
experiments are needed with respect to the confluence of two shear layers, to the separation on beattails,
and to the engle of attack effecls. Corresponding numerical solutions of the full Nasier-Stokes eguations
can be very helpful, toc, although then other uncertainties may arise from turbulence modelling in sepa~
rated regions.
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DISCUSSION

T.Ballinger
Do you have an 1aea as to whether your method can be used with a hot jet efflux, and do you know of or plan to
carry out any new experiments using a hot jet efflux?

Author’s Reply
We do not intend to carry out such experiments, but we appreciate if rescarzh establishrments would undertake
stailed measurements on that subject. In principle, the method is capable to treat hot gas effects similarly as
Addy’s method. But at present, the ONERA recompression criterion accounts only for isoenergetic cases (equal
stageration temperatures in the jet und in \he external stream). Hence, we need further experimental information
in order to make the predictions reliable for the case of hot Jets.

J.Berard
L’auteur peut-it préciser si, 4 son avis, le modéle ue culot qu'il a développ : est capable de traiter le cas des jets
réactifs? en parviculier, dans le cas des moteurs-fusée & propergols solides, les gaz de combustion sont réducteurs, et
la prédiction de la post-combustion est un probléme important.

Author’s Reply
I think that in principal, it could be introduced, but we don’t know details of the hot gas effect on the recompres-
sion process.
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BASE AND EXTERNAL BURNING FOR PROPULSION 17"/

by

Warren C. Strahle
Regents' Professor

and

James E, Hubbartt
Professor

School of Aerocpace Enginecring
Georgia Institute of Technology
Atlanta, GA 30332
USA

SUMMARY

Experimental studies are reported upon concCerning base and external burning behind an axisymmetric bluff base
body in Mach 3 flight. Pure hydrogen and hydrogen diluted with COZ’ He and Nz were the fuels. A variety of base
configurations were used and external burning used radial jt injection with both subsonic and supersonic jets. Some wind
tunne! interference problems arose which limited consideration of the results to base pressure clevation to free stream
static pressure. A maximum performance concition was identified as a line in ISP - base pressure rise space which was
achjevable with all configurations and combinations of base and external burning. The major determinant of Ip

performance is the total heat dump rate into the wake, and only minor differences in performance result from
configuration and fuel type details.

INTRODUCTION

There are seversl conceivable missions for bodies in supersonic flight where drag reduction would be beneficial.
One method of achieving such drag modification is by external or base burning or a combination thereof. Varicus spurts of
attention have beeir pald to these techniques, with the latest concerted effort having taken place recentiy.

in external burning the idea is to inject a fuel peripheraily from a body in order to place it into the more-or-less
inviscid stream external to the near wake. The compression waves from the combustion in the supersonic flow would then
impinge on the largely subsonic near wake and elevate the base pressure. In pure base burning the injection taker place
into the subsonic near wake and combustion elevates the base pressure by increasing the stagnation temperature of the
dividing streamline. This in turn destroys the capability of the fluid to sustain a reattach.:ent pressure rise and the base
pressure tends toward the freestream static pressure. In pure external burning there is, in principle, no such constraint on
the base pressure and levels above free stream static pressure could be expected.
Ana}ysism has revealed that with pure external burning the specific impulse performance is quite poor for large
base pressure rises. This has been confirmed experimentally.’”’ However, analysis'” and experimentation 2’l‘)have
determined thar a) for low drag reduction pure base burning is cificient and b) the combination of base burning and
external burning may be attractive for moderate drag reduction.

Through a sequence of programs, starting with cold flow manipulation of the near wake and progressing through
burning tests, this laboratory has gathered substantial data on external/base burning phenomena. The purpose here is to
draw this work together and attempt any generalizations which may be made.

TEST FACILITY

The blowdown-type test facility was designed to simulate the base flow for an axisymmetric body at Mach 3 witha
bluff base. The Reynolds number, based on the base diameter is 3 x 106. The test secticn is shown in Fig. 1. The hollow
cylindrical medel is supported in the ducting upstream of the nozzle where the Mach number is 0.07. This virtually
eliminates support effects. Gases for base injection and instrumentation leads are ducted into the model through the four
support struts. Base pressure is evaluated as the average of five pressures measured on the base plane. The tunnel flow is
not heated and the stagnation temperature drifts downward from about 433K to 453K during a typical run. Several
pressures are measured on the model and tunnel surfaces to ascertain that flow conditions are repeated from test to test.
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A computer based data acquisition ystem controls testing and data retreival.

From time-to-time a traversing probe is inserted into the wake to measure pitot and static pressures snd stagnation
temperature. This is especiaily crucial when wind tunnel interference effects are to be studied. In this regard, noting Fig.
1, any reflected wave from the base lip will reflect from the tunnel wall and reintersect the wakc at 9.5 base radii
downstream of the base. If the wake i3 not fully supersonic by this station, it is possible (and likely) that the basx pressure
will be altered by this interference efiect.

The base configuratiors studied are shown in Figs. 2 and 3. Wi*h peripheral injectior for externial burning both
supersonic and subsonic jets were vsed. Moreover, bases with and without a circumferential channel (for flameholding)
were used, For pure base burning, a siinple porous base plate was used. Cne other base plane, not shown, injected the
hycrogen raially through a ciccumferential slot, since this was a configuration tested in Ref, {5) at Mack 2.14.

For foreign gas dilution of ti.e hyorsgen the facility is equipped to mix coz, He or N2 with the Hz upstream of the
injection positions. This dilution was used to investigate the effect of injuctant molecular weight and effective fuel
heating value (hm,f %

RESULTS

The specific impulse (lsp ) is defined as the change in base pressure with and without injecticn timesthe base area
divided by the injectant flow rate. That is, it is the drag ciiange divided by fuel flow rate. The base pressure, Py and the
free stream static pressure, pys are determinants of base drag. If FpZ Py base drag has been eliminated.

For pure base burning, cold H, injection, radiai slot injection and subsonic radial jet injection the results are
summarized in Fig, 4. These results are all for pure Hz. Except for the radial jet injection, a unique 'SP vs injection rate
appears on Fig. 4. The injection parameter, I, is equal to ths injectant flow rate divided by the ‘ree streams wind tunnel
air mass flux through an equivalent base area. The slightly poorer performance shown by the radial jet injection is
probably due to some axisymmetries, which ar~ known te reduce performance. 6

Perhaps a more illumijnating way to present the data is on a plot of ISP vs base force due to burning, as shown in
Fig. 5. Here the maximum performance line of Fig. & becomes 1 straight line which has been placed in Fig. 5. On Fig. 5
have been shown only data with supersonic jet injection combined vith base burning or for pure base burning. There is
significant scatter on this figure; the lower performance points were visually identificd with poor combustion with the
radial jets. But the major point is the following: If avecything is working well, it doesa't matter if pure base burning or a
combination of external burniiig and base burning are used; the perfornance can achieve the maximum performance line if
base ;orce changes are less than or equal to the base drag, The efficiency is also impressive; 85% base drag reduction can
L. «.nieved at an 'SP of 4000 sec. This is comparable to ramjet efficiencies at these conditions and is achieved without
irlet, combustion chamber or nozzle.

Three points lie to the right of the maximum performance fine on Fig. 5, and they do s0 when attempting strong
radial injection to increase the base force level (note the scale break on Fig, 5). High force levels were achieved here but
probing of thc wake indicates wind tunnel interference; the wake suill contained subsoric rortions of flow at 5.5 radii
downstream of the base, Since basc pressure on these runs was above free stream st~tic, the wave emanating from the
base lip is 2 compression wave and und>ubtedly increased the base pressure upon reflection and intersection with the
wake. Cons--quently, these points must be regarded as suspect. In this regard, Ref. (2) had a free jet boundarv as the wave
reflection surface and the opposite effect may have occurred, causing an underestimate of performance.

For the case of base pressure less than free stream static pressure, the wave emanating from the base lip is an
expansicn wave, and, if interference occurs, it is argued that performance is degraded. Hence, the results here are
belizved conservative at low base force levels.

Tumning now to the effect of diluents, Fig. 6 presents the resuits at force levels correspording to base drag
reduction. It is found that by and large, if Isp is scaled by the inverse of hop, » the maximum performance line again
represents all data. Therr is some scatter, especiaily at the mit~drag reduction i)oint, but there is a remarkable collapse
of the data. With dilution the molecular weight, density, flame

perature Lw turbul mixing rates all must change.

There is also  visible change in flame location. Nevertheless, the primary determinant of performance appears 10 be the
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total heat dump rate into the wake,

Temperature traverses on the wake centerline are shown in Fig. 7. It has always beea found up to 3 radii
downstream of the base that the mixture must pe air-rich. Interestingly, the temperature differences with dilution cannot

be accounted for by the diluti» effect alone. The mixing rates must be altered to account for th= differences in the
temperature with the C02 dijution on Fig. 7.

Measuring temoerature and pitot-static pressutes on the wake centerline allows a Mach number estimate to be
made, as shown In Fig. 8. Recall, if the Mach number does not exceed unity by 9.5 radii downstream interference is
probably present, but the results should be conservative. On the basis of Fig. 8 it appears that the results presented are
interference-free if the base drag reduction is less than 80% and hRPf < 10,000 Btufib.

CONCLUDING REMARKS

When operating at hase force levels below those required 1o totally eliminate base drag, it appears that either base
burning or combined external/base burning may be made ‘o operate along a unique line in KSP - base force space. This will

ozcur for any fuel type if }SP is scaled by the inverse of th . At high base force levels the issue of performance and
force level achievable is ciouded by wind tunnel interference eéects with all available data. Pr

ing these performance
levels are of interest for some missions, it is imperative to design future high focce level experiments in an interference-
free environment.
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DISCUSSION

Comment by F.Stull
The slides shown do not match the preprint.

Authcr’s Reply
While some of the slides do match, I have shown some later results thian those in the preprint.

P.Choudhury .
it seems that with *“pre-bumins”, the peak temperature will move toward the body. In view of the superior drag
reduction with “pre-burning”, isn't the spatial rate of heat release rather than the total heat released more important
for your correlation? Perhaps this will correlate both pre and after burning better.

Autitor’s Reply

1 am quite sure that is what is happening. We are getting combustion of hot gas injection, but it is altering the
structurc of the wake so that heat rlease occurs carlier.

R.Marguet

(a) Avezwvous falt des 2ssais avec des combustibles solides appropriés, compte tenu des résultats avec
(H; + N, + 0,). Combustibles spéciaux?

(b) Pensez-vous obtenir des pressicns culot supéricures 4 la pression statique externe, ca utilisant une combinaison
d'injection latérale -+ centrale (avec des bonnes impuision spécifiques)”

Author’s Reply
(aj The reason that we diluted the hydsogen with the various dilutants was to simulatc a solid propellant exhaust
with fower heating value than pure hydrogen. We have been unable to find a solid propellant to put in the
facility that will bum at the low pressire conditions without developing an actual rocket chamber 1o fire. So
the answer is no, we have not done any solid propeilant work. 1 would fike to.

{b) The second question concerns lateral injection. Ip the supersonic case, we got very zood performance, but the
problem is the wind tunnel interference. 1 asn posiive that our wind tunnel had broken down when we got
that impressive performance with both lateral injection and base injeciion.

When we inject laterally subsonically, we get exactly the same performance that we got from the base injection

and could not raise the pressure above fresstream siatic. Bul, we have been abeve freestream ctatic pressure
with the supzrsonic lateral injection,

P.Erumer

You mentioned an lsp = 5000 sec for that system, which has a lower pressure and a lower temperature in the
comuustor than a ramjst. Did vou compare with the ramjst? How did vou define Is;,'.'

Author’s Reply
Iyp is defined as the change in bas force level divided by total flow rate. At Mach 3 with the diluted fuci on the
same basis that we computed the numbers. we get betier b, 's than those of 2 ramjet. The trouble. of course, is that

we can'f get net thrust, TF = rexson that the !;;, is better than a ramjet is that there is no infet, which is 2 drag surfage
in « samjet.
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SERVICE EXPERIENCE WITH THREE CENERATIONS OF RAMJIETS

Lo
BY: C F FLETCHER AI'D D R LAKE
ROLLS~-ROYCE LIMITED, PO BOX 3, FILTON, BRISTGL BS12 70E

SUMMARY

Rolls-Royce has had the unique experience of developing three generations of
ramlets for usg in operational surface-to-air missiles, two with the RAF and one
with +he Ruyal Navy. Deployment overseas and in the forces of other nations has
provided knowledge of operaticn and maintenance in tropical, arctic and marine
environments. Rolis-Royce have made more ramieis than any other company in the
Wesi. e paper recounts the precautions taken during design to achieve reli-
ability and a low level of nmaintenance effort, In the third generation, design
has progressed to the establishment of ‘*wooden xcund?

staius for a factory filled
liquid fuelled ramjet, with simple maintenance checks only at five year intervals.

The reliability of the ramjet propulsion system in many practice firings of

£
service maintained missiles by service crews is discussed and shown %o compare
well with that of rocket systems.

INTRODUCTION

The cautious approach by designers and development engineers of first generation
ramjet propulsion systems for missiles implanted a belief, which 1o some extent
still survives today, that ramjets are complicated and require extensive test and
maintenance to ensure acceptable reliability in service, While it wiil re=ma:n a2
fact that ramjets of any type bave a degree of complexity greater than that of a
simple rocket, experience has siswn that modern systems can be expected to have
an egual reliability with similar in-service handling,ie no testing. This paper
aims to show that with thre# generations of liquid fuelled ramjets, naxely Thor
for Blcodhound Mkl and 2 and Odin for Sea Dart, the reliability 'track record?
and the lessons learned have led to the understanding of the practicability of
supersonic airbreathing propulsion without operational penalties. All three of
these missiles were developed against very stringent requirements of performance
and operating environment. Production programses have involved approximately
5000 ramjets so far with that of Odin,for Sea Dart,continuing.

=T
smE AT memoan ===

HERET wrigz

Figure 2 Thor Rasjet in Bloodhound Mk2

Figure ! Bilcodhound Mk2
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for the surface-io-air fernce =issiles being contesplated it that
2 owing ea.,-; success’ flights of ramjet propeiled test iz
project studies by 1¥ then Brisiol ftézﬁp ane {:{E;?aﬂ“ and Ferzanti led iz 3t
evelution of the Blopdhound land hased anti-~aircrafr missils a::i;*- the Thor
of ramjels to propel it. These were the first ;;-‘:s:m:hars Tas
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development.about half of which were used 1o investigate prcpulsion aspecis.
Although now obsolete it first enterxed service in 1959 with the RAF and subse-
guently with the Royal Australian Air Force and the Royal Swedish Air Force.
Bloodhound Mkl was followed in 1964 by the much improved Blcodhound MkZ, see

Figure 1. The improvements in nissile capability in terms of speed, altitude and

range izposed changes on the propulsion systen which iec to the development of
the Thor 200 series engines. Development work started in 1958 and the engine

Type Test was completed in 1963. Only 40 development flights we: 2 carried out on

this missile,of which 8 were specificaily for propulsion investigations. This

reduction, compared with Mkl, resulted both frox the experience gained on Mkl and
from ine major increase in the engine ground test capability provided by the then

new High Altitude Test Plant at Rolls-Royce, This missile entered service ip
1964 apd is currenily deployed with the RAF, the Swiss Goverraent, and the

Singapore Air Defence Command. It was also uSed at one time by the Swedish Air

it 4

Force.
Inor Engine Design

Only the basic design features of the Bloodhound MK2Z propulsion syStex are
considered here because those of Bloodhound Mkl were generally similar,

Figure 2 illuatrates the general arrangement of the Thor ramjet. It corprises a
s

supersonic air intake and subsonic diffuser and 3 conbustion system and exhaust

nnzzle as well as fuel system components. Combustion is initiated by two
ryrotechnic igniters mounted externally on the engine, Auxiliary air intake
which are mounte~ adjacent to the main intake of each engine,supply ram ai

L
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drive engine f+ 1d missile hydraulic pumps and these,together with the =ain
intakes,are fI. with environmential protection covers on the launcher.
Considerable testiac was necessazry during developsment 1o ensure thal these covers

were reliably ejected. The front cover is auTomatically blown off prior to
launch by gas pressure generated within the engine by 2 p_rotechnic, The
cover is removed when the missile =oves off, by a lanyard attached ts the
launcher.

Iear

I, the Bloodhound installation, where two podded engaines are used the fuel tanks,

fuel turbopurp, fuel control, thrust control and part of the melering system are

mounted in the missile fuselage while the main secondary fuel throtile an

distributor system are installed in the engine intake cenirebody. The fuel sys-

ez i5 hydromechanical with a3 Mach nunber control override to conirol missile
speed, Undesirable intake operating conditions at high anglies of incidence a.e
prevented by a device which reduces fuel flow when pre-determined limifs are

exceeded by a free streaming cone in the =missile nose. At launch the engine
fuel system is already prizmed with fuel right up to a check valve situated in th
air intake centrebody.

Figure 4 Sea Dar! Soosted Missile

The Odin rasjet for the Sez Dart missile,
a lighiweicht, cospact medium rar

r o i
capabie of being vertically stored in, and rapidly launched fres, ships, The
configuration selected involved the razjet being built into ihe =ain airframe, as
shown on Figure 4. The conical centrebody supersonic int ntainsg
equip=ent is mounted in the nose of the missile and, unli the
=issile is cartesian controlled and incidence levels can be relatively high,
Desmstitean of the centrebody the subsonic air £2 ig ¢t & T

o

viindrical duct which is surrounded by =issil
tarks. iUnlike Thor In Slscdhound, t i
and exhaust nozzie within the missile rear airf
ATTSNgERenT NECeSSAYY.
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Development work started on this engine in 1963 and Type Test was achieved in
1968. The number of developmeni ‘laghts associated with this project was about
180 with % of these being nominated for early ramjet propulsion proving.

the availability of the High Altitude Iest Plant was fundanental in reducing the

Again

sumber of propulsion firings which were reguired, The Sea Dart missile entered
service in 1975 and has been chosen by the Royal Navy as the nain defence sysiem

for Type 42 destroyers and anti-submarine cruisers, and is also used by the
Argentine Navy.

Odin Engine Design

The Ciin engine comprises an air intake, transfer duct, combustor and exhaust
nozzle as well as fuel system components, Combustion is initiated by a single
pyrotechnic igniter, ’.be orincipal items in the fuel system are a Fuel Air Ratio
Control to meter fuel at the correct rate and a Thrust Control Unit to control
missile speed in accordance with the measurement of air stagnation temperature.
Unlike Bloodhound, the fuel tanks are factory filled and sealed off from the
ramjet fuel system components by a stop valve until the boost motor has fired and
the missile has left th2 ship. This is termed a 'dry' fuel system,

A chart showing the major milestone dates for the Thor and Odin engines, spanning
almost 30 years, is given on Figure 5.
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J Figure 5 Propulsion System Timescales
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SERVICE FIRINGS RECORD

The results of these are summarised on Figure 6 and it is important to note that
they relate to Service practice firings with standard Seyvice mai: tained missiles
of varying #c 5 with either telemetry or with live warheads and fuses, They have
covered all areas of the flight envelope, There have been no propulsion system
failures out f nearly 100 Baivodhcound Mk 2 firings, including one with a complete
missile cold soak tempexature down to -20°C, In addition, about 60 production
Sea Dart missiles have becn fired from ships with no propulsion protlems. The
100% achieved reliabilities to date of these propulsion systems durang Sexvice
firings exceeded those specified. It should be noted also that an equally

high reliability standard was achieved in the later stages of R and D firings.

BLOODHOUND MK 2 OPERATIONAL REQUIREMENTS AFFECTING ENGINE DEf

Missile requirements dictated that the Thor engine should be capable of operating
up to hagh altitudes and at speeds ketween Mach 2 and Mach 2.6 with a maxinum
flight time in excess of 2 minutes, Furthermore the engine mi'st bg capable, with
high reliability, of light~up and maximum thrust develornent witnhin about 4
seconds of launch after long periods of exposure and, since this missile 1s land=-
based, the unprotected environment in which it may be deployed ranges from arctic
to tropical conditions with verxy high humidity levels often being involved. 1In
additicn, the engine and its Juel system components are subject to high loads
during boost acceleration and during manoeuvres in free flight and from vibration
associated with flight and ground transportation. Light-up and operation in

ambient tempe.atures associated with a land environment, ie -409C to +520C, at Sea
Level, are required.

These arduous operational requirements are summarised on
Figure 7.
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TYPE UAND BASED, SURFACE-TO-AIR 1 ENGINE PROTECTION COVER EJECTION
SPEED RANGE HAR 270 2.6 2 ENGINE LIGHT-UP RELIABILITY
ALTITHDE SEA LEVEL T0 RIGH
3 SIMULATED LAUNCY TESTS
FLIGHT T IN EXCESS OF 2 MIVWTES
EXPOSURE 4 EXHAUSTIVE GROUND TESTING AT SIMULATED FLIGHT CONDITIONS

(FOR LONG PERIOGS) WORLDWIDE

5 MECHWICL INTEGITY INVESTIGATIONS
AR TEMPERATURE
RARGE AT St 40°C 10 +52°C 6  DROP TESTS TO SIMILATE SHOCK LOADS
HAX HUMIDITY 90 T0 95¢ AT 35°C

7 VIBRATION YESTING OF COMPOKENTS
MAX LONGITUDINAL

ACCELERATION IN EXCESS OF 306

HORMAL Figure 8 Thor in Bloodhouqd Mk2
ACCELERATION 4P 70 166 Development Testing

AANSPORTATION LAND, SEA, AIR Figure 7 Bloodhound Mk2

- Praincipal Operational Requirements-

THOR_FOR BLOODHOUND Mk2 - DEVELOPMENT TESTING

Considering the stringent operational requivements of this missile, the high
propulsion system reliability achieved in Service firings stems from careful
design and the experience gained on Bloodhound Mkl combined wath the comprehensive
engine ground test programme which was undertaken during development. Some of the
more important aspects are summarised on Figure 8 and include:

a) Engine protection cover ejection, particularly under extreme 1cing conditions,
see Figure 9.

b) Engine light-up reliability. A tynical result is shown on Figure 10 where

c)

d)

combustoy rich and weaxk limits were determired
where light-up is required, to ensurxe that the
1st1Cc$ of the fuel system are matcned vo these

over the range of flight speeds
run-up and starting charsctor-
combustion requirements.

Launch and light-up demonstration on a real time transient facility at extreme

ambient temperatures using flight standard fue

1ling systems.

Exhaustive ground testing at samulated flight conditions over the whole of the

operational envelope of the missile, Thas inc
investigations as well as thrust and fuel cons
e tremes of ambient temperature and at represe

ludes combustion stability
umption determipation over the
ntative incidence levels.

e} Mechanical integrity tests on simnlated Twerst cascs! trajectoraes,
£} Drop tests to simulate shock loads,
g} Vibration testing of components,
STEADY TRANSOMIC MACH WMBER TESTS ESTABLISH RICH A9
i WEAK LINITS
P RiCH
RRRRYA,
FAL i !
FLOW i
CALCULATED FUEL FLOW TRANSTENT .
(Vm 80057
I SePHATIOY
FLIST 558 RIRER e
Figure 10 Engine Light-up Reliabiiity

Typical Ground Test Results

Figure 9 Bloodhound Mk2

Intake Cover Removal

Simulation in Cold Conditions
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SEA DART . OPERATIONAL REQUIREMENTS AFFECTING ENGINE DESIGN

To meet the missile requirements, the Odin engine has to operate between Mach 2
and Mach 3 and from Sea Level to medium/high altitudes to provide the propulsicn
for the interception of airborne threats to surface chips. 1In addition propulsicn
to fuel exhaustion in both the medium/high altitude role and the secorndaxy anti-
ship role is required. Again the eng’ae must be capable, with high reliability,
of light-up and maximum thrust production within 2 to 3 seconds of launch after
leng periods of storage with no pre-~flight preparation or nonitoring. The Royal
Navy specification called for a very high propulsion system reliability (near
100%) in order to achieve the overall :eliability rxequirements of the missile
against a wide spectrum of targets.

~— AWULT DRIE AT IKIDERE
e SHIP BASED, SURFACE-TO-AIR ARD SURFACE-TG-SUFACE $ i—
SPLED RMEE W2 103

’ LEVEL T0 MEDLMA G
ATnSE St 9 DI \ s g
EXPOSURE MRINE; SHIPS PASALINE, LARKHER 1\ 1
AR TEPERATLRE R |
SAKE MY SL 187 50 43¢ o "“‘ff’f‘“ bf'fi

P+

ERVIRORENTAL NG 1 TILIG 1452
TEPERATIRE SHIPS BAGALIE Fik £2pd Wi | steo ST SN SPILL KiR EEERR
WX LOMGITDIRAL SETTLING CHWAEBER INCIDERZE PAN
ACELERATION IN EXCESS OF 306 SPILL DIFFUSER DR TRIGST PEASGRING KING
R .
ALCELERATION w10 165 Figure 12 Diagram of Test Cell
TRREARTATION e, e, ML - High Altitude Test Plant
SECINL REUIRDENT 0 FIEL SPILLAGE

Figure 11 Sea Dart
Prircipal Operational Requirements

Although the installed engine is normally stored within the controlled tempera-
ture and humidity environment of the ship's magazine, it is requixed to withstand
the environment which would result from an air conditioning breakdown as well as
the vibration levels associated with flight an< transport in the ship or by air
ur on land. The very nigh boost acceleration and that associated with missile
manoeuvre imposes high component loads which had to be taken into account in
design. Additionally, during the short time the missile is on the launcher, the
engine can be subjected to considerable water ingestion and salt spray. Light-up
and operation in anbient temperatures associated with a marine environment, (ie
<189C to +30°C at sea level) are required. Because of the potential fire hazaxrd
on board ship as weil as the possible contamination of eleéctrcnic equipment,
particularxly in the buried engine Sea Dart configuration, leaks from the engine
fuel system could not be tolerated under any circumstances. These requirements
are summarised on Figure 11,

ODIN FOR SEA DART — DEVELCPMENT TESTING

The high propulsion system reliability achieved during Sexvic? firings can be
attributed to experience gained from Bloodhound Mkl and MK2 and to the exhaustive
engine and component test programme which was carried out during ground develop-
ment., All engine 'hot! testing was carried out with the intake in a free jet!
because Rolls-Royce experience shows this to be essential for the development of
reliable ramjst engines and their fuel systems. A diagram of the test cell of
the 'free jet?! High Altitude Test Plant is shown on Figure 12,where full .cale
engine tests can be made over a wide range of flight conditions and incidence

1 EGIRE LIGHT-UP RELIABILITY I /
ENGIKE /e
2 SIKILATED LABNCH TESTS ALTITUDE {g;sfgsriou ‘/ Py +
' 4
4 ®
I EXSMUSTIVE GROUWD TESTING AT SIMJLATED FLISHT CONDITIONS ,./ . &
- b4
® /
4 MECHANICAL IRTEGRITY INVESTIGATIONS : ® 3> 7 @St
L ] A BISSHE
5 Pl T POIKTS
S TETHERED FIRINGS ® - AT VARIOUS
> & ANGLES OF
6  RAIN EROSION TESTS ON TiE AIR INTAIE y INCIDENE
7 DROP TESTS TO SIMJLATE SHOCK LOADS FLIGHT MACH RUBER ——=-
Figure 14 Odin Ramjet
8  VIBRATION TESTING OF COMPONEKTS Ground Test Ifnvelope
8 OPERATION WITH DIRTY FUfL Figure 13 Odin in Sea Daxt

Development Testing
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angles. For Odin, major items in the development test programme are Summarised
40 'b on Figure 13 and include:

a) Engine light-up reliability investigations which were similar to those
carried out on Thor.

b) Launch ana light-up demonstration on a real time transient facility at
extreme ambient temperatures.

¢} Fuel control priming investigations using neutxon radiography techniques.

d) Exhaustive ground testing at simulated flight conditions over the whole of
the operational envelope of the missile and at incidence, as depicted on
Figure 14. These tests included an investigation into the stability

- characteristics of the combustor, particularly at extrene altitudes, and

. thrust and fuel consumption measurements..
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i e) Mechanical integrity tests on simulated 'worst case! trajectories.

- f) Tethexed firings in which the complete missile and engine are 'flown' in a free
H jet facility to determine the vibration levels imposed on missile equipment by
the engine. A test rig for this experiment is shown on Figure 15.

g) Rain erosion tests on the air intake.

: h) Drop tests to simulate the shock loads which can result from depth charge
: action.

: i) vibration testing of components
Jj) Operation with dirty fuel

During production, manufacturing guality of the Odin is assured, as it was for Thor,
by Production Quality Tests on engines selected at random at annual intervals.
These tests, which are carried out on the High Altitude Test Plant facility,
comprises

- An engine thrust check at a specified flight condition
- A demonstration of the engine altitude capability at a specified flight speed

- A mechanical endurance test to a schedule which smbraces the most arduous missile
. trajectories
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Figure 15 Sea Dart - Tethered Firing Figure 16 Thor and Odin Ramjets
Trial In~service Maintenance
8 PROGRESSION TOWARDS ZERO IN~-SERVICE MAINTENANCE

8.1  General

The aim has always bezen that of achieving standards ~f maintenance equivalent to
those of gun ammunition,ie no testing. In the days of Bloodhound Mkl however it
was necessary to cstablish the serviceability of the fuel system,at quarterly
intervals,by running the turbopump in order to check the characteristics of the
fuel flow controls and,in addition,careful priming of the fuel control was
equired to ensure a reliable light-up. Bloodhound MkZ progressed to annual
tests of the fuel system,and turbopump ruaning was <liminated bezause the flou
characteristics of the engine could be checked from an external fuel supply. In
Sea Dart the fuel tanks are factory filled and only two components in the engine
fuel system need be tested. Currently this occurs at 5 year intervals but
clearance for a longer period is being sought. It is clear thexefore that the
reduction in maintenance complexity and the progressive incraase in time between
H in-service tests over three generations (see Figure 16) gives confidence that no
tests will be required in future generations of xamjet.
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Thor Maintenance éﬂ 7
A mzibtenance diagram is shown for Thor in Rloodhound Mk2 on Figure 17 which

indicales the fuel System components which are tested. Connections for these are
made via tapping -ooints on the missile skin, thareby obviating any need to
de-panel the missile. It has been pxedicied that the manpower requiresent for
the completle servicing of the ramjet propulsion syz%em is about 1 man per 50
zissiies, The estiuated defect rate for the Thor engine, which has improved

considerakly over the years as a result of development and modification action,
is as follows:

Defect Rats One _Defect Perx
At entyy into service 5.3 missile years
At present time (1981} 11.9 missile years

where Defect Rate is defined as:

Number of missiles ip service x Number of years of_ survey
Number of defects

The main problem areas have been concerned with the thrwst control unit because
of the extremzly high degree of accuracy originally demanded to satisfy thes pers
formance requirements over the whole flight envelop:, With today’s knowiedge
some relaxation might be tolerated without having a significant effect on the
cverall system reliability.

The extended service life requirements of the Bloodhound system has led to the
adoption of a reconditioning programme whereby engines are returned to the manu~
facturer after 10 years,and all rubber components including seals and diaphragms
are replaced and fuel system items are reset and calibrated to be within the
original manufacturing limits,

Odin Majintenanc

Experience with Bloodhound showed that well designed ram-air fuel turbopumps
could be relied on to perform instantly after many vears of storage. For Odin,
therefore, fuel system tests were simplified to those of the hydromechanical
vontrols ip isolation. To ensure freedom from contamiration of missile equipment
by kerssene,;a procedure for the removal of these units for test was adopted which
was readily acccmplished with the 'dry! system described earlier, Friming and
rur-up of this *dry' system was proved in many real-time launch simuiations
{including engine light-up) on ground tests in the High Altitude Test Plant,
These tests included those with engines subjected to aczzlerated storage and
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extreme temperature conditions. The Fuel Air Ratio Control and Thrust Control
units regquire relatively simple calibration testing every 5 years at a shore
depot and removal of these is wvia the access panel on the missile,as shown on
Figure 18. The decision to test these controls was taken in the absence of firm
evidence of the effect on them of storage in the ship?s magazine. Evidence is
gradually being accumulated which is aimed at permitting the time between tests
to be extended to 10 years. Eventually they may. in agreement with the Roval
Navy, be dropped altogether. The reliability demonstrated with the twin pyro-
technic igniters of Thor and early Odin showed that a single igniter unit with a
percussion initiating device would be satisfactory for Sea Dart in service, This
unit requires no testing and currently has a life of 3 to 6 years, depending upon
the environment.

The manpower requirement for the maintenance of Odin is about 1 man per 200
missiles. Using the same definition as for the Thor engine, analysis has shown
that the Odin defect rate is 1 per 30 missile years. This improvement is a
direct result of the lessons learned from Bloodhound and the generally more
favourable environmental conditions enjoyed by Sea Dart.
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Reliability

LESSONS LEARNED IN ACHIEVING HIGH RELIABILITY

The design task is 1o obtain instant readiness with trouble free operation and
the correct performance levels after long periods of storage and ground handling.
As a result of the experience gained from the Bloodhound and Sea Dart engine
programmes,there has been a steady progression in the understanding f the key
design areas and the precautions which are necessary 1o achieve high reliability
and the elimination of ine-service testing. These are summarised on Figure 19 and
comprise:
a} The use of stainiess steel where possible and protective dipped coatings
where necessary tc eliminate corrosion during long term service life in all
environmental conditions,

b} The avoidance of electrolytic action between mating paris by careful matcning
of materials.

c} The adoption of a *sealed’ fuel system in which engine components remain dry
until launch.

4} The use of sealed igniters.

e} The use of engine blanks while the missile is on the launcher to reduce
environmental effects.

f) Seal materials selected for compatibility with operating temperatures and
with liquid fuels in accordance with missile/engine life cycle reguirements.

g) Moving parts in the fuel systen positioned to reduce the ¢ffect of worst
acceleration forces.

h} VUtilise boost acceleration and fuel control position relative to the fuel
tanks to assist the fuel system priming process.

i} Design for ground transportation/handling protection to prevent, for example,
sensing probe damage and skin denting.

rron the foregoing, it should be clear that the design and development of reliabie
razjets depends critically on the early and precise statement of ithe missile long
term storage and deployment environmental conditions,
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CONCLUSIONS (See Figure 21)
LONCLUSTIONS

a}) This Paper has shown that the liquid fuelled ramjet has a Comparable in-
service reliability to that of the simple rocket, in spite of its greater
complexity, while offering a wider operational capability. Thig has been

achieved laxgely by careful attention to detail in design and exhaustive
ground testing,

b} The experience gained on three genrerations of in-service ramj
arduous missile trajectories and environmental conditions has jed to the
achievement of pear 'wooden round! or 'sealed for lifet Status with simple

maintenance checks currently only at 5 year intervals, This intervay can
be expected to be increased in the future,

¢) It can be concluded that the ram-rocket/ducted rocket or solig fuel ramjet,

d) The lessons learned from the Bloodhound and Sea Dart propulsion systems can
be advantageously fed into design and development thinking for any future
S.
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EXPERIMENTAL INVESTIGATION OF A HYDROCARBON SOLID FUEL RAMJET

by

Dirk Meink&hn and Jiirgen W. Bergmann
peutsche Forschungs- und Versuchsanstalt fiiy Luft- und Raumfahrt e.V. (DFVLR)

Institut filr Chemische Antriebe und Verfahremstechnik -
P~7101 Hardthausen-Lampoldshausen (Germany)

Sumagx

A so0lid fuel ramjet motor was investigated in a connected-pipe air supply system under
simulated in-flight operating condition By taking into account diffuser losses based
on empirical efficiencies, a set of states of the air upstream of the ramjet combustor
k was theoretically derived in order to simulate certain in-flight conditions of a ramjet-
powered missile. The experimental investigation of internal ballistics, combustion effi-
- ciency and overall combustor performance covered a range of Mach-numbers between 1.5 and
3.0 for altitudes between sea-level and 6000 m. Polyethylene was chosen as hydrocarbon
fuel in most of the tests. It was found that a suitable fuel regressicn can be estab-
lished for varying performance regquirements resulting from a particular ramjet mission, #

even by providing for trajectory dependent combustion efficiencies.

1. Introduction

within the family of airbreathing engines, the solid fuel ramjet represents a design of
utmost simplicity due to the lack of any moving parts (like valves, pumps,., etc.). It con-
sists basically of an air intake system, a thrust producing exhaust nozzle, and a corbus-
ter comprising the flameholding device, the ignitor, the combustion charber containing
the solid fuel, and the afterburn chamber for (ahancement and completion of the combus—
tion.

For all its apparent simplicity, the ramjet engine brings about particular difficulties
in its operation, since the combustion processes strongly depend on the flight conditions.
The operation of a solid fuel ramjet, in particular, depends on the interaction between
the air intake system and the combustor, because the fuel regression as well as the mixing
and burning of the propellants are governed by the physico-chemical laws <f hybrid com—
bustion.

It was our objective to investigate, as a first step, the corbustion behavior in a model
ramjet combustor for varied flight data (speed and altitude). The flight data were taken
from certain points of a flight trajectory of a ramjet-propelled missile, which resulted
from assumptions as to thrust and drag under the conditions of a preselected ramjet
mission.

In order to work under realistic conditions for the upstream boundary of the combustor,
the influence of a typical air intake system on the flight data was calculated for us by N
the Institut fiir Raumfahrtantriebe of Stuttgart University.

i

2. Proposed Mission for a Ramjet~Powered Missile

For a ramjet-powWered missile, two types of missions may be considered. There is, in the

first place, a mission with stationary cruising conditions, which is equivalent to fixed

height of flight and fixed Mach-number. The other mission consists in providing post

) launch propulsion for some parxt or all of the flight trajectory of 1 small missile. The
investigations presented in this paper are based on the latter type of mission, for which
the solid fuel rarjet seems to be particularly suited. Starting from the requircments

1 of distance to be covered by a given missile and provision of acceleration by thz ramjet
engine, the trajectory of the missile is characterized by the velocity requirements given

in Fig.1 and by the requiremenis as to air mass flw and combustion pressure given in

Fig.2. These requirements reflect the change in éngine performance necessitated by the

chaging £light conditions. t was found that for the thrust reguirebent stoichiometric

burning has to be assumed. The missile trajectory in texms of total pressure and total

i texperature of the air is given in Fig.3.

iy
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The solid fuel ramjet motor was then investigated with respect 1o the derived missile
trajectory. This was done by gelecting three points of the crajectory and carrying ocut
motor tests under such stationaty conditions as were regquired by these three peints. It -
is our plan for the future to investigate a ramjet engine by continucus simulation of the
conplete trajectory.

3. Ramjet Motor Test Facility

The combustor tests were carried sut on the connectazd-pipe test Jacility outlined in Fig.4. =

The air was supplied from a stcrace tank designed to hold 10 m3 of air at a pressure of -
up to 180 bar. Viz a series of controcllable pressure regulators, the air pressure was T
reduced to & predetermined value, whereupon the cold air mass flow was measured with the
help of a Fischer § Porter swirl fiowmeter. It was then designed to achieve the necessary
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air temperature by passing the air flow through a heat reservoir consisting of two elec—
¢ric heat exchanger units of 7 kW each. After passage of a two-way valve, the air flow
then was directed into the actual ramjet combustor. On entering the combustor, the
state of the air flow is defined by a set of three parameters, namely the aix mass flow,
the total temperature, and the total pressure of the air. For a simulation of the se-
lected conditions of the flight trajectory, these parameters were matched to the flight
data which were modified by the calculated influence of the air intake system. It was,
therefore, possible to simulate the ramjet operations in a connected-pipe system and the
application of real diffusers was cbviated.

The ramjet motor itself consisted of the fiameholder, the ignitor, and a fuel block with
a cylindrical combustion channel, an afterburner, and an exnaust nozzle. t was pOssible
to test ramjet combustors up to Mach Z.5 at sea-level air conditions.

The aim of the investigation was

- to derive the fuel regression rate in its dependence
or the air mass flux and the combustion chamber pressure
for polyethylene, which was selected as reference fuel
because of its clean combustion;

~ %o determine the combustion efficiencies;

- to investigate the effect of the corbustion chamber
geometry and the combustion time;

- to investigate different hydrocarbon fuels.

The hydrocarbon fuels under investigation ~ other than poiyethylene (PE) - were poly-
methylnethacrylate (PMMA) and hydroxyterminated polybutadiene (HTPB)}. Depending on the
initial state of the fuel (fluid, powder), the fuel blocks were prepared by casting or

by compressing.

4. Copbustion Efficiency and Fuel Regression

In conseguence of the requirements of a selected f£light situation, the following parase-
ters had to attain given values:

total air inlet temperature Ty, iX}
total air inlet pressure Pyor (bar]
or static combustion pressure Po {har}
air/fuel pass ratic O/F {21
air mass flow B, ig/s}

By working with the corbustion pressure Po instead of the total air inlet presrure Pegs
as a defining element for the state of the air flow, the influence of a particular flame-~
holder was eliminated.

Fro= the given values of 1, and O/F the mass flow & [g/s] is fully determined. The frel
mass flow S¢ , by itself, is a function of the fuel regressicn rate T [c=/s], the density
of the fuel, and the size of the cozbustion channel surface, which is eguivalent %o the
expesed fuel surface.

The regression rate r is ope of the characteristic features of a fuel. It is a function
of the oxidizer mass flux ¥ {g/mzi, the corbustion pressure Py and, to a lesser exient,
of the oxidlzer tesperature Tp .

In view of the reguiresment as to S and also in view of a strong demand for volrme re-
striction, the following lines of research were persued:

s

a) Iavestigation of the regression rate and the combustion efficiencies in their
dependence on varying cperating c¢onditions for cast polysthylene fuel Slocks,
which were of one and the same geometry {essentially the coochustion channel
gocmetry and fuel block length).

fuel block length L = 210 ==
circular coxbustion channel cross-section
channel diameter B = 60 ==

b} Investigation of the regression rate of various hydrocarbon fuels, differing
in cozposition, with varicus addisives. For these tests, the fuel blocks wgre
of the same size ag with case {a). In order to facilitate the corparison, the
motor tests were carried out under one and the same set of operating conditions.

¢} Derermination of the combustion efficiencies and the regression rates of a model
corbustor under the conditions equivalent to the selected flight situations. . >
For these experiments, fuel blocks were made by compressing polyethylene powder. I
The coxbustion channel was cylindrical and the reguired O/F-values were attained )
by adjustment of the fuel block length L.
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4) Search for a suitable cocbustion channel geometry with the aim to attain an
acceptatle length L of tle fuel block. These experiments were carried out
on fuel blocks obtained by cozpressinig polyethylene powder. The fuel blocks
were of a given length, with varying channel gecxetries.

3. Test Results

5.1 Regression Rates and Cocbustion Bfficiercy for Tast Polyethylene

For these tests, the geometry of the fuei block was Kept unchanged. The total tecperarure
of the incoming air was the same for all tests (280 K). The cosbustion tize was kept at
60 s, if not otherwise explaired.

Fig. 5 shows the influence cof the combustion pregsure and the air rass flow on the PE re-
gression rate. One sees that for charber pressures between 2 and 1C bar the prassars ef-
fect on fuel regression is not much lower than the cone of the air flow. The infiuznce of
the air mass flux M on the regression rzte is nearly the same for éifferent chamber
pressures, as Flg. & reveals. Using double-logarithmic coordinates tc display r as a
function of %3 , the average sleope can be found to lie arcund 0.36. Further analysis as
to the pressure dependence finally brings about a power lzw approximation for the PE re-
gression rate of the equaticn

0.3

e} £ = 0.0814 - 20" 38

. gao.
Fig. 7 shows how the approximation cuxve fits the experimantal data.

The corbustion efficiencies measured in these tests are displayed in Fig. B. The diasgraz
revezls - 2as expected ~ the strong influence of the chacber pressure on the efficiency of
the combustion. Decreasing efficizncies for raising air mass flows - 25 can be extrapsliated
from the graph - are due to the fuel lean O/F ratios vsed in these tests.

In Figures 9 and 10, the cozbustion channel regression is desicted for varied cosbustion
tize ty and for varied air mass fiow.

5.2 ¥Varied Hvdrocarbon Fuel

In Table 7, the effect of varying hydrocarbon fuel is displayed. In these tests, fuel
blocks of one and the same Gaczetry were burned under the saze set of conditions.

Fuel Cecposition

T " " .
Ro. ibar} iz {g/c*s]

3 1cot PE
004 iCotr PE
i 5% PE, 25% HTPE 3.37
17 35% PE, 65% HIPB £.57
118 25% PE, 75% HIPB 4.72
09 10Ot HIPB .27 3
116 50% #MA, 5Ot HIPB
115 25% PNMa, 75% HTPB

- r r-s

"
'
i,
"i

o
.
b
“w
W
L

¢.3111 2.C107 cast
0.213 $.C185 Ccoopresser
9.1%4 0.G157 cospressed
o.303 0.0290 cast
©.334 ©.0324 cast
0.430 £.0402 cast
O.28% 0.0335 cast
S.443 C.0434 compressed

3.%8

8

11

- —
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s

-
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Fable 1 : Regression for Various Hrdrocarkkn Fusls

It appears fro= Table 1 that switching frox cast to compressed polvethrlene alone mearsy
results in a cdoubled regression rate. 3 farther incrSass can be chtained by admixture of
EIP3. Geing over to a 00t HIPB fuel refulis in doobling the regrassion rate with respect
to the compreszed 1008 PE fue). As the heat of cosbustion is coughly the same for PEard
for HIPB, it therzfore se=mS to be possible to choose 2 fral corposition of PE and 5398
%ith any regression rate betwaen C.1 and $.34 ==/s. For the higher percentage <f HTPE,
increasing scot foraztion has oveen cobserved, whereas for a 100t ¥YE-fuel the conbustion
appears tc be clean.

Taking PMMA instead of PE resuits in a visible iscrease in the soot pooduction rates, ot
as PXMA possessas a heat of combustion wirichk is rougkly half the corresponding value of
PE, the spacific energy content of PHMEA/STPB~Trels i5 scmewhat lover thaa tha® of the
PE/HTPB~fuels.

5.3 Reoression Rates and Combustion Efficierncies

In Tabie 2, a celection of flight conditions wiih resulting regression rates and combus-
tion efficiencies are displaved.

The regression rate as a function of the altitude of flight for tho three f£1light condi-

tions which reguired stol~hioxetric burning {0/F = 1€} is iven in Fig.ii.
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: In-Flight Altitude P = osF E et
Mach-Kuzber {=} {bar} I;?s] =73}
2.0 ] 5.08 503 ag 0.233 57.7
2.0 300G 3.62 360 7 G.2i5 96.3
2.0 S000 2.84 280 36 0. 139 Sh.9
1.9 ¢4 4.7 530 17.6 0.301 96.%
1.82 3000 3.38 330 i6.4 0.154 95.8
1.7 6000 1.8 175 5.2 0.135 97.8

Table 2 : Pegression Rate and Cosbustion Efficiency
for Selected Flight Conditions

5.4 Cozdustics Channel Gec=etry

frel grains with circular cross-section were ujsed for =ost o the experizents performed.
The cylindrical co—bustion channel provides a relatively low fuel regression. The cosbus-
tor length may be shortened or the fuel =ass fiow increased, if the fuel surface exposed
to the co=bhusticn gases is enlarced. This can be done by using 2 star-shaped channel

B cross-section. A few test runs were performed to cospare 2 star-shaped to a circular

- co=bustion chamnel. The circimference of the star used was so designed that it had near—
1¥ tvice the circunference of the circle. Tue cross-secticnal arez of the duct, hovever,
was kept unchanged. This, in conseguencs, insured an unchanged air mass flux a2s well as
unchanged area ratios with respect to the flasmeholder and the exhaust nozzle. Az was ex-
pected, the fuel -egression increased proporticnal to the enlargement of the fpel surface
A doubled fuel regressicn was found for a doubled fzel surface.
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DISCUSSION

P.Korting
Did you observe during your expecnments oscifiatory combustion, and if so, what are the test conditions (chamber
pressure, air flow) at which oscillatory combustion occurred?

Author’s Reply
Oscillatory combustion has been observed, however, no unstable low frequency oscillations of large amplitudies.

P.Boszko
Did you have any probiems obtaining ignition of the polyethylene charge? Did vou use a conventional pyrotechnic
composition?

Author’s Reply
There were no problems at all in igniting the propeliant. We used a conveniional pyrotechnic device and thercfore
had no real ignizion problem, The problems arose in initiatiny the igniting device. This is done electrically and sonte-
times the wires became disconnccted

P.Cazin
Pouvez-vous nous préziser si le taux de régression du combustible varie entre 'avant et I'arri¢re de la chambre de
combustion.

Author’s Reply
The local fuel regression is a function of air flo tate and combuction time. An example of the time depandence
of local regression is given in Figure 9. An exam; 'e of the deg ..dence of local regression on air flow rate is given
in Figure 10 of the paper. These two figures were not shown in my presentation of the paper.

B.Petit
Quels sont les nombres de Mach des écoulements aux différents endroits de la chambre de combustion (entrée.
accroche-flamme, avant et arriére du chargement et en fin de chambre).

Author’s Reply

Inlet: M <.2; Flameholder: M <.7; Combustor Chamber: M < .5; Afterburner Chamber: M < 3.
T.Myers

What was the L/D ratio of your secondary mixing chamber downstream of the fuel grain?
Author’s Reply

Nearly one.
F.Culick

What were the amplitudes and frequencies of the oscillations?
Author’s Reply

I can’t remember, but 1 will personally give you that later on.
C.Ecary

What is the minimum pressure you experien.ed in the combustion chamber?

Author’s Reply
Between approximately 2 and 15 bar. The lowest pressure was 1.8 bar.
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RORON COMBUSTION IN DUCTED ROCKETS .
by 29
Klaus C. Schadow
Naval Weapons Teater
China Lake, California 93555, USA

SUIMMARY

Two=dimensional, windowed cormbusvor and water tuanel tests were performed to study the gqualitative
effect of inlet and combustor parameter on mixing and overall perforzance for solid boren propellant gas
genorator ramjers with o opposing 45° slar air Inlets. Highest cozbustion efficiencies were achleved at
towest air injection morentuz (resulting in minioum mixing rates at the fusl/air intersection point) and
sowust fuel {njection momentum (resulting in highest gas-phase combusticn zemperatures duriag beron particle
fgnition Secduse of fuel~rich plume ignirion at the fuel {njecror). The decrease of the combustion efff-
ciency with increasing air injecrion momentua may, in part, eiploin tle observed combustion efficlency
decrease with Jeereasing ramj~t combustor pressure and increasing air-to~fuel ratic, which =t consteat zir
inizt geometry resulted in increasing air injection momentum. Tests with zultiple fuel iniectors showed
bzt optimue plume ignition at the fuel injector was zore diffficult to achieve at decreasing fuel zass flow
per fuel injector. Tne conclusiolts of this pregram are quaiitative becaust of lack of detailed data,
however, they provide insight into the importance of the corbustor acrodynrmics for achieving efficient
boron combastion.

NCMENCLATURE

A Area

alt Air-ro-fuel ratio

c* Characteristic velocity

1 Length

v Mo® entun

-] Masgs flew

4 Pressure

v velocity

W dth

« Angle

n Combustion fficiency

Ap ressire di.fereuce
Subscrint

a Alr

a,w Aly simaluted by water

cp Combuscion; pas gencrator

Cs Combusticn; ramjet eumbustor

£ Fuzl

f,w Fuel simulated by uiler

.M Throat; primary =cior

t,P Throat; gas gensrator

5 Throat; canjet cemdustor

Ac* Difference {n characterisiic velocity
INTRODUCTION

Efficient bersn particle combustion in so:id propelirzt gas generator ramjets (Fig. 1; {dv.ted rocket:c)
depends on & wumber of ccupled pavsical wiad chemical orpessses. These iuclude rvurbulent =izing betveen the
air and the ga: generator plume, which contzizs boroa particles and unreacted gasesus fuels, igznitionfcom-
busttor of the gaseous fucls, and ignition/combustiion of the boren partscies.

<he importan~e ¢f the gaseous fuel ¢ mstion (gas-phase coxbustion) for noron particle igrition/com=
bustion was studied by Schadew (Ref, 1= -r ceaxial mixang flow fields. It was shown that enly as long
as the gaseous fuels of thu gus genera ide to react with the afr before excessive sixing oecurred,
the vesulting gas-phase combastion tem, > vere above 1950k, and therefore hixh enough to free the
boron particles from the inhipiring oxa ayer.

Thesc tests indicat. that for acnieving nigh borot c-zbustion efficioncy, in general. twe requirements
ate demarded foom the aercdynasics of e comdustor: (i to estabiish flow regioas with near stolchiomztric
geseous faelfair mixture raties and (2) to indtiarz gss-phase combi.ticn in thest =f{¢ing recions. ine
izportance ot thesz regairement. ior cembustors with coixial aixing has been well established and wiil be
fariher illustrated in the following paragranh. In thas daper, the inpight into coaxial miing will be
used tn interpret experiments whice vere performed to goin a qualitacive umderstand .g for non-coaxizl
mi sz in combustors with side air inlets. Again. emphasis will Le plarad or tho effect of the combustor
aexr Jynamics on gas-phase ignition and ovcrall perfcraance.

For covaxial mixing, near stoichiometric mixrure ratios ;ith highost gas-phase combustion tewparatures
alvays exist in the extrese fore-end of the mixing region {Fig. 2. rof. 2). ‘nerefore, for achieving hizh
boron zumbustion afficiency, it 15 nece.savy to achieveé gas-ghase ignitign at the gas generator nozzle
(fuel injector). Tais was demonstrated in tests with solid boron propollants at low racjet combustor
pressure, For axample, with supersonic gas generator exhaust velocity (fuel injection velociry) gas-phirie
ignition oceurred several injector nezzle diapeters downstream of the fuel injector after excess air miring
had taken place and the resulting gas-phase combustion tezpefatures ware below the boron ignition teperatare
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Figure 2. Theoretical Gas-.l.~se Combustion Temperatures
{Boron Inert).

(< 1950K). As a result, the boron combustion efiiciency was low. However, at subsonic fuel injection
velocity, gas-phase ignition occurred at tke fuel injector in the extrece fore~end of the mixing region
where highest gas-phase combustion temperatures existc.. As a result, boron combustion efficiency was high
(Ref. 4). It must be emphasized that gas-phase ignition at the fuel injector has to be accomplished
without increasing the mixing rate. If gas-phase ignirion is achieved at the fuel injector with mixing or
flameholding atds, the mixing rates may be too high and therefore flow regions with near stoichiometric
mixture ratios might not exist and gas-phase combustion tesperatures would be again too low (Ref. 4).

In general, coaxial mixing is most favorable to provide initially high gas-phase combustion tempera-

3 tures for tie boron particle ignition process because the air gradually mixes with the fuel. These favora-
bi- temperature conditions can be achieved independently of the fuel injection momentun and aiv injection
romentum. On the other hand, coaxial mixing requires long combustor length and is not practical for mamy
applications such as combustors with side mounted air inlets.

1 For cosbustors with side air inlets, mixing at the fuel/sir intersection point (Fig. 1), in addition
to plv = ignition at the fuel injector, is critical. Therefore, in addition to the fuel injection velocity,
whrch 15 ritical for gas-phase ignition, the air and fuel momenium become important parameters. These
paraceters are critical for fuel penetration intoe the airstreaz and mixing rates at the fuel/air inter-
section point. Test conditions may exist, at which nixing rates and cooling rates at the fuel/air Inter-
section poiut are too high, thus resulting in reduced fusl reaction rate.

-~

To gain qualitative insight into non-coaxial mixing, experiments were performed at the Naval Weapons
1_ . Center (NWC) using a two-dimensional (2D) windowed bustion chamber with two opposing side air inlets.
The qualitative effects of combustor paracetetr such as fuel momentum (fv)., air fuel injection velocity
. ¢v,), air momentum (&v)_, and air inler geometry on mixing/combustion and overall performance was studied
s by correlating mixing data from water tunnel tests with flame characte -istics and combustion efficiency
date from combustor tests. Experiments were made with nun-metallized and doron-laden solid propellants.
The majority of the water tunnel tests and the cosbustion tests using non~-xetallized propellants are pub-
1ished in Ref. 5. Highest cocbustion efficiencies in tests with an air injection angle of a_ = 90° were
‘2 seuieved at lowest experimental (W), or Ve (to achieve plume fgnition at the fuel injector)®and lowest
(:'xv)a {to achieve good penetration oE the feacting plume into the airstream).

1

In this paper, the 2D combustor tests with two opposing 45° side air inlets and solid bozon pro~
pellants, as well as additional water tunnel tests, will be discussed. Specific objectives of the test
prograt described in this paper weve:

AT TR AR RS ARERN il . sasta onr B St 010 BTBONS BIIDR

(1) to determine combusticn efficiency as a funcrion of independently varied v., ()., (a&v) , and
fuel injector nuzbers and as a function of air-to-fuel ratio and ramjet cosbustor pressure, which®included

the dependent variable of (:’.-v)a;
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{2) to describe flaze characteristics in the #indosed rasjet cosbustor as function of rhe same para-
meter, in particular to qualitatively assess the effect of position of pluse iznitfon, which may occur at

the fuel injector or =ay

be delayed to the fuel/air intersection point, on overall performance;

{3) to deseribe water flow =ixing characteristics in particular st the "fuel"/"air” {ntersection point
as function of “fuel” and "air"” Injection =ozentum and "air™ injection angle; and

{4) to provide qualitative Insight into the cffect of v, dv),  and (&v)_ on nixing and overall per-
foraance by correlating the results from vater tunnel and windowed contustor Rests,

The varfation of the fue]l injector number {n the coshustor tests was performed at comstant overall
propellant (fucl) =mass flow, 3.. Thereforc, with Increasing {njector nusber, the &, per Injecter was
decrcased. Experisents in Ref. 4 showed that optimm plume fgnition at the fuel injcctor was more difficulz
to achieve with decreasing 2. This S,-scaling effect, <hich was related to the interaction between gaseous
fuels and boron particles during plume fgn.fou process, is not yet fully understood.

The 2D desizn of the water tunncl and combastor was chosen to sizplify the flow field and to mak:s the
=ixing/cosbustion more accessible for experimental observation. It zust be vealized, that the 2D flow
field does not fully represent 2 3D fiov in an axisyssetric combustor with tvo opposing side air inlets.

EXPERIMENTAL SET-UP

Fig. 3 s%ows a schesatic draving of the laboratory combwustor with solid propellant gas generator and
windowed ramjet cocbustor with two opposing side afr inlets. In the gas generator with a 452 weight boron-
laden goiid propellant, a two-throg: artangesent was used to vary Ve at constaat :.'-f. Sonic and subsonic v
were studicd. The number of fucl injectors was variced frox 1 to 2 and 3. Arrangezent of the fuel iajectors

nay be seen from Fig. 3.

In the ramjet cocbustor, e¢asy variation of the following air inlet geometries was

achieved: axial position, La ; length, L_; width, ¥_; and angle, &a. With the geometric air inlet changes,
the air inlet Mach nusher vaticd between 8.05 < v, .68,

During a typical tes
at about 0.25 1bfs. Eival
a/f =& /2., of about £
combustor pressure, PCS’
D, With the changes'of
tge fuel injector pressur
and the womentus ratio (&
of enc inlet, () the p
test may be seen from Tab

Experimental sethods

+, the air mass flow, S , vas varied between about 2 and § 1b/s with =, consrant
uvation of the tests d:s‘perfor:ed at the lowest and highest air-xo-k‘uei ratio,

nd 20 corresponding to ar equivalence ratio, 3, of about 1 and 0.4. The ra=jet
was varied petween 25 and 92 psia by varying the vanjer combustor throat diaseter
2, P,.., and the 3ir inlct area, A, (fv)_ varied between 124 and 2980 1 fu/sg”,
e’rati8, Po/P.c. detecen about 1 dnd 14.8, (av), setween 52 and 1250 1b ft/s”,
vy J{&v),, Fetlen .16 5ad 5.8, The (av)_ is thi product of the total & and v
roduct of voth &_ and v, of one Injector.” The detailed test conditions Yor cach
le 1, wnich gived a suxsary of the combustor tests.

consisted of fas generator and ramjet combusior pressure measuresents, P, and

Pﬁ’ and high speed color pnotography of the filaoe in the ramjet combustor. For eacn test, the cotbus.ion
€.

iciency, &, *2 {referr
chavacteristiC velocity d

¢4 to 7 in the folloving) was calculated, which #as based on the P, difference or
tfference, 3c*, with and without combustion. Eoccause of the heavycgardware and

relatively low &,, sfgnificant heat losses and therefore low calculated = even for efficient coshbustion

rust be expected.
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Figure 3. ID Razjer Cocbustor.

Fig. & shows a schemstic drawing »f the water flov tunnel. Aerated vater was used to sisulate the gas
generator exhaust products (“fucl™) and clear water to sipualte the air. The geemetric "air"™ inlet vari~

and are surmarized for each vater twnel test in Table II. "Af{r" and “fucl™
£ veTe varfed by varying the pressure difference at the "sir” inlet and "fuel”
-
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TABLE 1. Cozbustor Tests.

(&v), 1 (av) .
. ? 1 e |ip gt | ),
Fuel injec~] a P | —5= [ —
Test no. tor number f PCS 52 s? &) f Ya Fes
- H pais
- - 3
1a 1 13.0 6.2 756 138 0.18 0.052 55.7
b 1 18.1 4.9 813 242 0.30 0.057 81.1
2a 4 11.3 1.5 929 151 0.16 0.05¢ 54.5
b 2 15.9 5.7 947 247 0.26 0.0 77.2
3a 3 12.0 5.3 551 153 0.28 0.058 49.9
b 3 12.0 5.4 862 244 0.28 0.059 76.6
4a 1 10.1 3.1 795 130 0.16 0.043 62.2
b 1 15.0 2.2 714 205 0.29 0.050 89.7
5a 2 10.7 2.7 674 125 0.19 0.048 59.4
b 2 15.0 2.1 633 216 0.34 0.052 86.6
6a 3 15.3 2.2 409 140 0.34 0.05¢ 45.4
b 3 1R 7 1.8 501 240 0.48 0.056 82.0
s 1 13.9 1 156 142 0.91 0.054 52.4
b 1 20.1 ) 127 248 1.92 0.059 76.5
8a 2 10.4 *1 123 125 1.02 0.047 61.2
b 2 14.6 "1 110 224 2.03 0.052 90.6
9a 3 13.0 *1 58 140 2.43 0.05% 52.6
b 3 17.9 "1 52 241 4.63 0.058 78.1
10a 3. 10.7 3.2 657 534 0.87 0.24 4404
b 3 14.9 2.4 94 985 1.42 0.2 67.1
ila 1 12.6 1 196 592 3.02 0.23 48.4
b i 17.4 ~1 186 1070 5.76 0.26 68.C
12a 2 9.5 3.1 802 515 0.64 9.20 54.0
b 2 12.8 2.4 836 859 1.02 0.51 83.6
13 2 18.0 “1 228 26 3.19 0.17 28.1
14 2 19.1 | 14.6 971 778 0.80 0.18 25.%
15 2 16.0 6.7 995 778 0.78 Q.18 26.2
16 2 13.2 8.2 1220 2980 2,44 0.71 25.0
17 2 15.6 "1 315 2870 9.10 0.68 2.3
18a 2 6.9 4.2 1230 2410 0.20 0.092 63.1
b 2 9.8 3.2 1250 408 0.33 9.0%9 92.4
19a i 17.4 “1 108 319 2.97 0.119 49.9
b 1 20.3 “1 127 508 4.0 0.12 i8.1
20a 1 1£.0 6.1 658 288 0.44 0.113 49.9
b 1 14.7 6.1 1627 37 0.49 0..19 7.5
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TABLE 11,
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I B .
T &
S v x‘ax,w “a,u g*a,u i Aa,u épa,w Df,v Af,w APf.u g-xﬂ

Hater Tunnel Tests,

a
PP Lo oaw f w?] esy | gy w? gy | e

IW 45 4.8 2.3 4
P 45 5.5 1.2 4 810.172 ;6.24 0.0451 20 |1¢.7 i.82
3w 90 3.9 2.4 4 9.6 10.043 ] 0,24 0.045 5 139.4 3.65
W 60 2.4 2.3 4 2

N 4 9. 0.047 {0.24 0.045 5 39.4 3.82
— L T 5

i IS | e

9.2 10,047 [0.24 0.045F 20 |19.7 3.95

The water flow characteristics vere re
shown {n Fig. $5a. The si

corded with high speed and stil) photography.
Fig. 5b. In this paper,

gnificant aspects of the water flow field +ere ezphasized In sket

One example ig
the varying flow charscteristics will be described using such ske

ches as shown in
tches.

To achieve proger flow sizulation, similaricie
somentun ratio, (dv) /(:iv)f, have to be
wac schieved by using the same geometric dimensions
number similarity was satisfa
bustor. The "air"~to-"fyel"

2 /5., and alr-ro-fuel
urnel and combuseof, Geonetric similarity
(inlet ang cozbustor) for both set-ups, sThe Reynolds
CLOry with Re = 0.5 yx 107 in the water tunnel and Re = 1.5 x 107 in the com~
ratio in the water tunnel was varied between:

19.7 ¢ Paw - ZAa w iﬁp.a v

< 39.4
r"f,x-' Af,w Apf,'..r

which wag in satisfactory agreement with the :&a/izf range {in the combustor with

8 <

mn. !bu.
~
(5]
&

o and Af « 8Ye the “air" inlet and "fuel” injector areas. The “air'-to-"fye}"
water tunnel™was varied between

momentun ratio in the

(&v) 28 A
95K o=l L 2w Taw 3.82
(‘“")f,u v Py
which was fn satisfactory agreement with the (&v)a/(&v)f Tange in the combustor with
IéV)a
.16 ¢ '(‘é—v—j-f- < 5.8

m,uim, .12

tmvl, o), - " 095

=
ﬂ/f}m’f - - .
\rw‘ﬁv /b—l ’\4— —
;o=
S/

(5b)

Figure 5. water Flow Characteristics.
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TEST RESULTS

/g -é Rindowed Corbustor Tests (Cozbustion Efficiency and Flame Characteristics;

Fig. 6 shows n for two P s levels. Generally, higher = was achieved ar about 30 psia than 25 gsia.
1t should be noted that with dcreasing P, (iv). increased from about 225 b ft/s’ to 750 1b fr/s- or v
from 0.035 Ma to 0.15 Ma. The tests in F{Z. 6 inCluded z wide variaticn of (:Jv’)f which effect on f will *
be shown later.

Fig. 7 shows n for two a/f levels. Generally, higher 2 was achieved at about a/f~3il tnan a/f~16.
It should be noted that with the increase in a/f, (&-a)a increased because of constant sir inlet geometry.

Fig. S shouws n as functior of (2v)_for wide ranges of P.., af%f, and (&v).. All tests wers made with
one fuel injeszor. It may be seen that = generally decreased with fncreaszing lx‘:v)a.

Fig. 9 shows n as function of (Zv)_ for all the tests conducted in this prograw, It may also be setn
that n gen=raily decreased with increasing (*.'w)‘_l despite the wide variation of Pess als, (&), P"PI?CS’
and fuel injector nusber, £

Figs. 10 and 1% show = as function of (&v)_. and P__/P _ for nearly constant {(&v)_of 130 1b £tlsz. It
may be seen that except for Test 2a, i was nearf',' indepeadénit of (dv), and PC"IPCS for this 45 to 65 psia
P .. renge. The color movies showed thar for all the tests except Tesg 2a in Figsy 11 and 12, pluse ignition
octurred at the fuel injector and gocd plume penetraticn into the airstream was achieved- In Test 2a,
however, plume ignition did not occur at the fuel injector, but was delayed to the fuelfsir intersectien
point. This delayed plume ignition zay account for the lower n in fest 2a ti.oa Tests la and 4a at the sace
(av),. The delay ir plume ignition in Test 2a may be tae result of the combination of high (';--v)f or PC?",PCS
and low x':f per one fuel injector.

10 g i T H T + T
r 2 FUEL INJECTORS ]
A B <19 |
10 < i)y < 995 LBeFT/S?
7 i . -
0.5 }"A .
- 2 i
L 14 (fw)y ~ 225 LB-FTS®
15 V, ~ 0055 Ms
- (riwly ~ 750 LB-FT/S2 y
V,~ 0.18 Mz
o 1 1 1 i - § 1 i
20 0 a0 50 80 7 ) 90 00
Py PSIA

Figure 6. Combustior Efffciency vs. Razmiet
Combustor Pressure.
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Figure 7. Cocbustion Efficiency vs. Alr-ro-Fuel
Ratio.
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Figure 8. Ceabustion Efficiency vs.

Alr Injection Mozentun
{Selecred Tests) .
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Figure 9. Cozbusting Efficier
(Combined Tests),
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Figure 11, Combusticn Efficiency vs. Fuel Iniector Pressure

Ratio.
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Figure 12. Cozbustion Efficiency vs. Fuel Injection Momeatun
(Low Pressure).

The effect of (&), on 4 for P ™~ 26 psi: may bc seen in Fig. 12. The = decreased wita
(=v).. The color movies showed thaf piluze ignition occurred at the fuel injector in Test 13
(Zvy;, however, at the fuell/air intersection polnt for Tests 14 to 17 with high (&v) . Goo
tion into the air was achieved in all of the tests. The tests in Figs. 10 to 12 iad{cate th

pendent of (&v ¢ °F PCP"PCS as long as plume ignition was achieved at the fuvel injector.

Fig. 13 shows n as function of (&v) /(iv).. The n generally decreased with increasing
which probably =ainly veflects the effect of (-_'v)a ot n.

Fig. 15 shows the effect of fuel Injector number for three P_ /P__ levels which corresp
2. levels per fuel injector. It cay be seen that, for P /P  of about ! and 2.3, = was not

8

elfected by the fuel injector nuober. The color movies Rl that in 211 of the tests at ¢
plume ignition occurred af the fuel injector. At P, /P.. of about 6.5, = decteased vhen the
nusber vas incressed from 1 to 2, and incrcased when thé fuel injecto. nu=der was Increased

™

ume ignition occurred at the injector In Test la (%,~0.19 1b/s per injector}, however, at

reasing
.th low
iume penetra-
% was inde-

somentu= ratio,

onds to three
significantly
hese P.,/P..'s,
fuel gjec.or
from 2 to 3.
the fuelfair

intersection point in Tests 2a (20.11 1b/s per injector) and 3a {&,.~0.05 1b/s per injectorr. A compari-
son of Tests la and 2a indicate that, at the same P /P, optimes pluce ignitien at the fuel injector was

more £iffigulr to achicve at decreasing &, per injed¥or and therefore 3 decreased. The 7~in
fuel injects-= was probably due o improved fuel/air =ixing.

In sum=ary, the results shoved a strong effect of (&v)_ on n. In gemeral, = decreased

{&v)_ or increasiag (&v) J(&v) £ This result zay, in part, cxplain the observed n—decrease w

crease for 2 o

with fncreasing
with decreasing

3 = e x iz 2 PR -
?ﬁ and increasing a/f +Hich al constant 3ir inlet area generally resulted in imereasing {&v)_. It can be
speculated that {2v)_ or (&v)_/(&v), have a strong effect on the mixzing rate a2t the fuelfair #arersection
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Combustion Efficiency vs. A{r/Fuel Momentum

TOTAL o ~ 025 LBS

3
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Figure 14.

The {&v)

2 3
FUEL INJECTOR NUMSER

Cozhustion Efficiency vs. Fuel Injectoer Xmber.

T PC?:’? had no effect on = as leng as pluze ignition occurred at the fuel injector. The

[,
% decreased w{:h infreasing (":""')f when plume ignitfon was delayed downstrea= to the fuel/air intersection

point at low & or low ?‘-IS'

The color movies indicated that gosd fuel penetration ints the air was achieved independent of {=v)

G

wur

i

. ——

e

it appears that the 452 air injection angie was faverable to msintain good fuel senetration vish éecreasfng
{&v}.. vhich may also be seen froa the following vater tumnel cest resules.
H

w

wzter Tunnel Tests

. Figs. 15 and 16 show the effect of (3v) “I(:l-.v)f o 08 the oixzing characteristies, in particelar, at

the "fuel"/"air" intersection points. At {:-'.v)a Ml(:’:-a}‘.r o = 8-95 (Fig. 15), =t vhich highest 5 was achieved
in the cozbustor tests, zixing rates were -;-isibiy lower thaz at (r':v)a “/(é'-'}f ¢ 1.82 (Fig. 16). The
{ncrease in mixing rates in the water tumnel tests with increasing (&v) v
n-decrease {n the cosbustor tests with increasing (.'.-v)a.

DINLER B a0 e

:,u{(‘wjf,g =ay explain the observed

. mnw e

The effect of 2,  on “fuel” penetration iato the “air™ for (&) o/ &), ~% is shown 13 Fig. 17, It
=ay be seem, that at X “ $0° significanr amommt of "fuel™ was refledted frod the "afr” streas Sack into
the plenum reglon. Frdk herc, it flowved covmstream on both sides of the "air” inler zlong the rmmel wall.
These fiow pattemns indicate poor "fuel™ pemetration into the “air" strea= st 2 " 90*. At the sase
momentu= ratio, "fuel™ penetration was irproved at a = 60% and probably will®3¥ further i=proved at 2

1% ot P : N a.v a
= 45% <hich was not studied in the watar mumael.
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DISCUSSION- -

Efficient boron particle cesbustion depends on z ber of interrelated combustor parameters. In the
following, primarily the qualitative-sffect of (fv)_, {&v) f;an_\i-vf(or P.o/P..) on n-will be discussed.
Furtherzore, -the effect of fiel injecior numbers will pe considered whiggﬂp nts out-za 5 scaling-effect
on n. From the available test results, it is-clear that only a qualitative-assessment of tbe affect.of
eath of thé parameters on n can be made bacause of lack of detailed flow data. For the interpretation of
the test resulis, the Insight, which was previously gained into coaxial mixing, was helpful.

For the-combustor with opposing side air inlets, (fv)_ appears tc be the most critical parameter. The
tests clearly showed that n decreased with increasing (dv).. The water tunnel tests indicated that the
n~-decréase was caused by increasing mixing rates at the full/air intersection point which probably resulted
in excess mixing or cooling in the reaction zone, Excess mixing is, in particular, critical for boron-
laden fuels because the high mixing rates may prevent flow regions with high gas-phase combustion tempera-
tures to be established which are required to free the boron particles from the oxide layer.

The demonstrated strong effect of (&v)_ on © may, in part, explain the n-decrease with increasing a/f
and decreasing P, which at constant air inlet geometry resulted in increasing (iw)a. Although the n-
dependence eon éi;’sand Pc cannot be explained by the effect of (ixv)a only, it seems”clear that highest n at

lov Pgo and-High' a/f ‘cai be achieved at-hinidun (ﬁﬁi)a.

A strong effect also of (&v),. on n was expected because it is critical for both fuel penetration into
the air and piume ignitlon. However, the (@v), effect was less than anticipated because good fuel penetra-
tion was achieved even at the lowest (&), and optimun plume ignition at the fuel injector was achieved
over a wide rimge of test conditions as dféc_uss_ted in further detail in the following.

Good-fuel penetration for all the fests was probably achieved-due to a_ = 45°. Water tunnel tests
indlicated that at-this o, _,.even at lowest (av). ., "“fuel" pesetrated into®the "air" which was not the
case for «_ = 90°, In“the combustion tests, nd*vislble effect of (&v)f on fuel penetration was noticed
elther; th@tefore it must be assumed that any significant effect of (Av) ¢ on 0 was mainly related to the
effecc of (i?w)f or v, on pluse ignition.

At low (&v} . or subsonic v, plume ignition occurved at the fuel injector and highest n was achieved
at all (ixv)a or §cs levels. With plume ignirion at the injector, probably highest gas-phase combustion
temperatures wére achieved as demonstrated for coaxial mixiag in Ref. 4. With incressing (&v)., the n
remained congtant wvhen plume ignition was maintained at the optimum position at the fuel injector. This
was the case for 45 psia < P, < 65 psis with @, > 0.25 1b/s per fuel injector. The n decreased with
increasing (&v)_, when the increase in {(&v)_ resulted in delayed plume ignition ar fuel/air intersection
point, With thgs ignition delay, probzbly the plume bustion-temperatures before fuelfair intersection
were lower-and-the cozbustion during fuel/air intersection was more adversely effected by the high mixing
rates. Decreasing n with {ncreasing (&v)f was observed at Pog— 25 psia, and at 45 psia < Fog < 65 psia in
tests with more than one fuel injector.

The observed plume ignition delay at low P and high (av) € {or high vf) is consistent with the coaxial
wixing tests. It had been shown that the ignition delay, which'is probably caused by long reaction rates
and {nsufficiest mixing on the molecular scale, resulted in low gas-phase combustion temperatures and low
n.

The observed n-decrease at high (&v)_ and two or three fuel injectors point to the =, scaling effect
in plume combustion discussed earlier. 'H{lé regults of this progra= and of Ref. 4 indicatéd that plume
ignition was move difficult to achieve at decreasing ﬁf and could therefore be more adversely effected by
increasing (av), or Ve This &, scaling effect, which in Ref, 4 was related to gaseous fuel/particle
interaction during plime ignitidn, has to be considered when more than one fuel injector will be used. The
&, scaling effect is critical because the gain in improved wmixing with pultiple injectors may be offset by
léss than optimum plume ignition when :Erf is decreased below a critical value..

CONCLUSION

For achieving high n in combustors with two 45° opposing side air inlets, the position of plume ignition
and mixing rates at the fuel/air intersection point were critical. Highest n was achieved at lowést (av)
(resulting io-plume iznition at the fuel injector and therefore in highest gaseous fuel-combustion tempera-
tures) and lovest (’fw)a (resulting in oinimuz mixing rates at the fuel/air intersection point). The strong
effect of (&v)_on n, Bay in part, explain the n~decrease with increasing a/f and decreasing P, which at
constant sir ifiet geometry resulted in increasing (av)_. Tests with pultiple fuel injectors gﬁt ed that
optinum plume ignition at the fuel injzctor was more di¥ficult to achieve at decreasing éf per in, sctor.

The conclusions are qualitative because of lack of detailed flow data, however, they provide insight
into the importance of the combustor aercdynamics for achieving efficient boron combustion.
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Iscussion

R.Lo
Wouldn’t you consider average temperture in the mixing zone. boron particle size, and geometric considerations as
more important parameters influencing combustion efficiency than air injection momentum?

Author’s Reply

To achieve high boron combustion efficiency, high temperature zones downstream of the fuel injectors are essential
to free the boron particles from their boron oxide layer, Air injection momentum (air injection velocity) is one of
the major parameters determining the magnitude of the temperatures, and therefore, one of the major parameters
affecting boron combustion efficiency. "(Note: The following paper by Mr Besser also points out the importance of
the air injecticn velocity:)

Rlo
You showed us a slide where the ratio of the air momentum to fuel momentum varied from .5 to 2.5, and yet your
flame pictures showed an optimum in-between these values.

Author’s Reply-

The flamie photographs had no relationship to the test data I showed. They were only used as an example. These

flame pictures were done with a non-metallized propeiiant that had no relationshi» to the combustion efficiency
results in this presentation,

L.Nadaud
Quel est I pourcentage de bore et le pourcentage d’oxydant utilisés dans le propergol de votre générateur de bore.

Authot’s Reply
The detziled information I cannot give you, but the boron percentage was 46% by weight.

R.Mont
1 think that zll your data points out that the main parameter is the stay time of the boron particle at high
temperature and so that would explain most of this data, The particle size distribution is also very important. Did

you make any experiments of different particle size?
Author’s Reply

The original particle size in the propeliant is sub-micron. Of course, we don’t know what aglomerauon takes place
in the gas generator and so we don’t have detsiled data on the effect of particle size.
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. "RECHERCHE ‘ET MISE AU POINT DUN
PROPERGOL SOLIDE POUR STATO-FUSEE

JU. “BERARD.- G:.DORIATH - C. PERUT

Centre de Recherches du Bouchet = B.P.

=-DIRECTION TECHNIQUE AUTOPROPULSIOR
N*2 = 91710 VEKT LE PETIT - FRANMCE

s oX¥g

d'mcorporer T3 faxb!:e quanticé d'un oxydant orgamque dans un.liant hydrocaxbnaE. La coaposrt'on portant
e .nudro de Yéfétende 1603 & &cé daractériséa des. poincs d€ vue mise en oedvre, propriétds mécaniques

et bahst;ques. Ls répercution sur les parametres balistiques de la granul‘, FLY

charge ét.dé’ ~1a nature du liant a &té évaluee. :

INTRODUCTION

Depuis la début des annfes 1970, la Société& Natjonale des Poudres et Explosifs (SNPE) en
collaboration avec 1'0ffice ¥atiopal d'Erudes et de Recherches AZrospatiazles (ONERA), sous contrats
de la Direction Technique des Engins (DTEN), a cherché A dévilopper des propergols solides dont la
combustion produisait des gaz réducteurs. Entre autres utilisations possibles, ceux-ci pomra:.ent sexvir
de combustible pour la propulsion de statoracteurs ne produisant pas de fumfes. Nous nous pi'oposons,
dans le cadra de cet article-de détailler la fabrication de ce type de propergols et de préciser leurs
performances.

=Cé:;é:nowe11e>fmine»de propergols. produisant des gaz réducteurs est.la troisiZme d'une
série de produits développés en France.

En-effet, dans un premier temps-la SNPE-a mis au point des-formulaticns 3 base d'un oxydant
min#ral etdinlianr hydrocarboné. Celles~ci découlaient dz recherches exfcutfes dans les lsboratoires de
1'ONERA (3). Ce type de produits qui constituait la premi¥re g@nération, a subi avec succds des emsais
en vol-de miséile £ carburant solide (1) (voir- tableau 1):

La.seconde -génération, mise au peint ultérieuremeént, &tait fondEe sor 1'utilisation du méme
oxydant dans-run-liant hydrocarbong densifi#: L'augmentation de densité Ztait cotpense par unme diminution
de 1'impulsion spécifique-et de la chaleur.de combustion dass 1'sfir. En sffet, la densification-augmentait
le taux de carbone au détriment du taux d'hydrogéne. Cette seconde génération n'a subi jusqu'3 présent
que des essaiz en soufflerie.

Pour 1a troisidme génération dont les propri&tés d'un représectant vont £tre décrires, 1'effor:
a porté plutdtisur 1'augmentarion de la-chaleur de conbustianrd.:ns i'sir, saas modification de densité
{voir tableau 1). Pour augménter-celle-ci, on s'est r. rendu € que 1' utilisation des oxydants
mindraux clagziques dans les propergols Etait insuffisante. Aussi divers ﬁxy&snts organiques ont. &té
alocs test@s. Ceux~ci donnent en gén¥ral des performances supeneures car § 1* &tat pur, ils briilent p!ns
facilement que les oxydanta minéraux. I1 faut donc des quantit@s plus faibles de ces produits fnergétiques
pour-entrétenit 1z pyrolyse du propergol.

Sur cette bage, a &tE mise au poznt une série de prapergols i vitesse de combustion et
exposant de pression différents. Pour 1'uns des compositions les mieux connues, le gam de performance
par rapport aux premiires génfratiens, c’est-d-dire la chalzur de bustion dans 1'oxygéne acteint 9 X

1. EVALUATION DE LA COMPOSITION DE REFERENCE =

) Sous le nom de code 1603, & Eté figée vhe formilstion de formwle bfure suivante (base 100 gramses):

€5:53 Bg.38 a5 Fous  Fooz

Une telle iomlanm a une chaleur de combustion mesurfe dans ‘-‘s:ys\":nae de BO2C caillg et
une masse volumique de 1060 kg/zd

-1l Ta E-atute des gaz dans 1& genérateur - - . -

oo

nteruEdzaxfe de-thermocoup

atine- thodi& on péut avoir accEE i 1a tewéramn
ca‘lt-cx s'Erablit 3 920°

‘grspergol 1803,
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2. i’erfcmnces :ﬁéanques dans un stsr oh:a:teu"

Pour évginer les performances théoriques de cés propergols, il faur convesir de conditions de
Téférences pour 1& statorfacteur Dans les-figures 1 et 2,on comeid@re que celui-ci fonctionpe 3 ume
pression.de 0,57 ¥Het que 1'air est infroduir dacs des conditioms 4* a‘runée nuile et de Mach €zal 3 2.
1a; figure H &oxme 1'&volution de la tezpérature & foyer {Tc; £z de 1'z=;su:sms spicifique (Ispsp) spar
unicé  de-poids 4 =Elange amreducteur,eg;jmcnon du-Tapp .dsbite d'air 2t Je comburant (ﬁ:"?}.
On voif que la tempEfature atteint 2500 K su voxsmage du ﬁggé:t stoéchiomftrique {9,8) et que 1Timpul-
sion culmine ¥ 32 5. . .

La fi’g&n‘f"zi:décrit 1'&volutiog-£n fonction du'mfmé rapport de 1’izpulsion ramenfe au debit
de carburant “ispis - -

“i3.-Hisg en oer e du matériau

soiides qui est incorporé
'&:.ene, qui est ¥n

mEne pour def for:nes de chargerent toufzentéés, est frds aisés. #11]
moules sans susun artifice. Ceci contrZie zvec les diffisultds de nisd en otuvie de p:opergols consrituds
de perchlorate §*z=oniw= (20-30 I) de bore (35-45 I} ef de réducteurs solides. Le derniey type de
,mpergols est caractérisé par de fortes usccs:.:es, car les g:am‘m:nes de ces charges sont génfra—
lement voisines et fizmes. Seules les techniques d'injection et de coopression persettent de réaliser dés
blocs et coci dens-des géoodtries S@lﬁs, bloc & cobustion frontale par exmﬂe.

-ApLEs ia coulée, 1a polymérisation du propergol est de 7 jours-3 wﬁ’{:,
i4. ?:gpriétésiaéésniggﬁ &t physiquas

Les- yrcfné:és mEcaniques du zatériau ont €t& Evalufes sur Eprouvettes halt¥res 3 différimtes
vitesses de traction (R}, entre 0,5 et 500 0/ (rablezu 2} et dans la plage de t@e—amu —~ 55, +-74°C.
Lg faible taux de chirge en oxydant confire 3 ce produit de bonnes propriftfs mEcanigues. A 20°C, 1=
charge & -la-ruptire est.de 7,9 bars er-1'allsngenent maxi=al de. 154 Z. Ces valeurs sont respectivement
igalesiBZbarset;’*ﬁOprr-S&'sétiSbarsetaﬁ*gmrﬁ *c.

Les résultats de contraintes 3 la rupture sont-représentés dans la-figure n” 3 on réduisant

=%

ies courbes par Zguivalence vitesse de trac‘zm-tap&amre;

Ces cam:énst:ques oEcaniques m&ent cg pm?ergl gart;:uheraa: apte 3 'utilisation e
=oulé-collé. Comme Iz niveau de vitesgs de 2 ion radizie, &t que le taux de
résidus £levé interdir pratiquement mme- :ﬁmnﬁn fzmﬁe, s&s des -blocs =oui€s-collés .3 cobustion
rx&:aleism donc possibles, Ea dizmdtre 300, o bloc de-forse FIROCTLE duverait-emviron 200 secondes,

e qui: eon'espm Eme. yassxbxlué d'utijisarion. Avec une forme Etoilfe en diasitre 200 =m, une &urée
Ze N

hustion de 40 ondes peut Etre Egslement envisage.

i5. c.auc:é;-is:iqwés de sécurité

Par ra;;pcr: :sn: propergols classiquss gonfrant des-gaz v&ducteurs, gui sont constituls d's
dant-rminfral {géofra t le pefﬁimte 4’mn§) &t €'un liant !xyd:ocm;s, tutilisation d's=
mém organique 3 caractire explosif rec’-obiipatoire une taractérisation fine e la s¥ourité d'urili~

sation,

Le rabiesu 3 fournit les valeurs de jupesent habitsglles dms ce dossine. Ia sensibilité s=me-

ofe par 1'utilissrion de cee oxydants organiques reste voisine Je celle des propergols 3 oxydsats zinfraamy.
Iis sont donc classEs-en 1-3.b (0.

$6. Propriftés micanigsues du.wgﬁ

Les x‘;ssiztas d'adhrence de la composition 1603 sur des liners et inhibitests de type FECT,
PERT et FVC ont £rE £valufes en traction et en peolage. Les ;sﬁgsnetei sée:mqegsm ti2s sarisfaisantes
motamgent pour les liners de type PEHI. P31 exemple, pout le liner PEET/E, 1a_ _charge 3 13 Tupture est &
5.4 bars. Cetre valéur est LIZs proche 46 Iz charge 3 13 rupfure de la cosposition 16037 qul est de 7 bars.

Toutes les Tuptures des assesblages liner/1603 ent Iisn 52 fagon- "&5‘1?2 ézas ie properssi,

o2 qui confirme 1z q:ahte de ce collage, 2t i'a;tnuée g& ces propergols 3 réaliler ses blocs moulés-—eoliss
{zableau 3.

17. Evaluation de 14 vitesse de cosbustion en. blocs

L'evﬁua:;m ﬁE 1z vxtesse &: aﬁsﬁsum da cette W:na a*e:e ii.fm -entre b=

ine.de ;rzss;u_: %}j‘fz.

“38:
'==§s 350 h:rs_} Iz ﬂﬂ%& ﬁ'wﬁ’ﬁt&@ F
- §"§§§xt i!t‘a mn&;i t&s.importantes de. s&i;m par.mfzca
i‘are m:xnoi {figore 43512 vitesse m:;m paE
. ~20%C &

T
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1a taille du chargeSent ou la pression dé tir. 11 esc cozpris entre 10 et 15-Z. -

Le coefficient de tezpératufs sst de 0,55 X par degré. Ceci est ude valeur relat
£levée, mais ilvest posszt:}e de reéun‘a i*influence de-o¢ ?ara.-_ex:re par l’atzixsanon de !a ‘grﬂ: eapacité
de- méu!.atxon. - - = I = -

une cHasbre ds 260 &=
ot une sltituds ds

s

1.5 km et par uné SGcifié as@ricaine SEE en chasbre de 152 =m.

T

Dans -1& prenier cas, 1 bloc gEnfrateur fonctionne 3 une pression moyenne de 32 bars et

=- dibite 9, 2&0 kgfs pendant 47 5. Le 48bit d'air est de 7,2 kgis. 1la richesse est de 0,38 (courbes de tir
- ] :Exgure u 3} La chambre statorfactéur a parfa:teaeat:fmcume, 1a perte de pression totale entre

165 manches 3. air 2t 13 fir de 13 chashre de 3 ion esr de 14 Z, le rendésent de cozbustios defini

Tomke Etant lé rapport eatre le débit de zaz brillé et & d8bit de gaz injectd est de 0,91,

ca yume

. - - La demae &valuation s*est déroulfe dans ]z cadre d'un contrat de 1'AFAPL. La SNTE a livré
- T ) 3 ARC 10 chargements pour &valuation zu banc-et- en chazhre statorfactesr de 52 m de dias@tre. tmq N
€ssais ont £1f rfalisés avec succds dans certe-derni¥ré configuravion:. Lés rend & de bugzion sont

. irEs Elevés {2).

- - - 19. stcrenm du ;e dn s:amma::etfr

?our igs propergols de 1a rroisieme seuéra:zag;, ies produits de cothustion des gaz &e pyrolyse H
avec 1'air sont tiellement pazéux aux pressions & rémpfratures habituell es- En effer, ;is sont -
gonstitués principaiesent &' azote €t 3
1*efficacité de 13 coshustion des
de conbustion, £C-ils soot trés dilufs. Ausei la traospdrence du jet eést, slle, tris banne, ga;-eilmre
- - par um!e aux Seilldurs propergols double base sans Si=8e. En effet, dims ce Jernier cas, les addirifs
balistiques {sels Ze coivre, d&e plosh) et la présence d'inhibiteur réduisent 1&gerement la tramsparence.
1 Scus ot rapport, les formulations de o= type sont bien sipfrievres aux formslations au bore qui sont

R trés indiscrites.

: LME&W@W;@

- de feg}age des f-zgsﬂgﬁs de rroisizee gmeratxm. Ea f&;mt varier divers parasitres, des variantes
P étTe atteint

2j. Influence de 1a prasulonétrie de 1'oxydant

B Lfurili
cinétigues du =até
ia vitesse de =

fau {fzgure n}- 13 witessc de cosSustion B 30 bars cé*'te [ 62 %. 1a sensi
tien 3 lap ien devient beaﬂm pius faible. le zaux de visida est 18gEm

eiliration de yarifeds
ydant n entrains g-as de modification &= Ia vitesse de cosSustioh.

sgentur 2 celui~3e iz c@as;t,m i503. 11 est co=pTis entre 13 et ! - A

sicromiques 22 1

22, Influvence du t&a:’ﬁ *"*t!{:’zt

A

I.a&::;.miméezzﬁé&,ﬁ:éecharge;:maga«emdmmn@;:ﬁﬂmteﬁ;a? tesze g2 3
cosbustion. & 50 Bars elle passe de §,92 =/s pour la coeposition no=inale 3 0,43 ==/s. la sensibilicé
en fometion de Iz pression n'est pas ::é:i;ee. Le tacx &e résida n'est eggant pas affeczé
Comim™ omt 4 respiacE 1Texydant organigue,pdur partie,par sa liant de densicé plus faible, 1z densité &
propergol n'est plus gue de 1,0%.

En he, la dicinutics da tzux en oxydant entrzine une mat.ﬁ: du cavactirs *etk'n.te%:r
des gaz ginfrfs. 1z :ia!mt dc cobustion dans 1'oxygene devient £gale 3 5390 calfp comtre 5020 callg pour
iz cospositien 1603 aam:le.

- = 5i une disioution dv Tux && charge entraine une diminution de Ia vitesse, une M‘iﬂ
- 4o taux de charge &= 23 I entraine uae afgazntanm de 53 X de Iz vitesse d¢ chustion. On woit zinsl
gue 1z type v forsmlation permet oA wariation de vifesse de combustion d%=n facteur 3 ecvizen.

W

23. Modification de 1= nature des lismte

_ -L'urilisatios Jd'un liant polybutadidne modifif en remplacesent &: lisat usuel antriise, ,'a:r
des taux d& charge identigques, une sodification ssser sensible de 1'Evolotion de 1z vitesse™de tocdustion B
#n-fonction de 1a préssion (figure 3}. Cet #ffet st murimt ootsble 3 basse pression. e x4 résida
st 4 6%, i1 est dop £ faible que ot iz compodition 1603. Tous les autves pars=itres
“grs;n&is SEcaniques, caracifrisvigos de sicuritd) restest identiques. B

T
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m.s::et.on. Elie =

L'intérdc de.la
unité da- =§sse, 283 aoxmas P

(8

xTe.chelesr de ceshustion dans 1'oxypine par
'7 1itls de modelation impirtantds et 2a

“haadicags ;H;-;r certaines ggghtatums.

3‘0&32: é‘aehs-atmsg.en parnculxe:, ps i;:.nutmn & R de résidu. La coopositien

Pierze ZERION et Dominigue PFNion
Installations d'essa’. de stato-rdactesr 3 170NEEA
Lz recherche afrosvariale (1950).5° 4 p 2%1-258

B. David CORACKE
Third generation SKPE Jucted vocksr techaology
1950 Janaf Propulsien Heeting Monterey, California 11-13 myrch 1980

L. Z3DAUD, T. REYHADD, A. MOUTET
Co=Sustibles solides pour stat=es ’;‘i s

La récherche aérrspiatizie (1977) o™ 1 ¢ 31-38

TABLEAY 1

PERFURMARCES COMPAREES DES TROIS

Predsiz REéférence Chalevr de cosbustion
Tesais ee=nosiricn centrale dans 1'oxysine
callz
1&re géagration 501 732 1109
2¢=e géafration 1802 6320 123 b
3tse gEnfration 1533 802 1565
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* valeurs par défant, !'Eprouvette ne rospt pas 3 1'Zloszatics mxinem dr Iz sschine

TAE=T 3

CARACTERISTI(UES DE SECESTYE DF Li FORNSELATION 1603

TEivcTiges

Eprewve appareil Sensipilice Chssrvaricns
Sensibilite aw ehoc Zclivs Petérs P trés 3:5 sensible
SeftibilitE 2= frottement Zzlics Peters 100 % £Tes pes sensibls
'f?i"‘g ‘g‘;ﬁg’g‘};} 0 ¢ pe= sessible

?é‘:i‘%?iﬁ;‘? (b e ) 7= semsible
Sengibilicd 5 12 décharge vas §§.§g&a —

==

)
%5
TABIEAD 2
TRACTIONS A TEMPERATURE IT VITESSES VARTABLES DE LA COMPOSITION 1603
- . feren Proprigcés Sécam'.qm - isg a,
Temiratare | Vitesse ss & VB & ] er |carcule surSs
bzrs z bars 2 z
) 0,5 3,9 | 25 16 53 | 64
s - - - - -
* 74 50 5,0 |28 17 s | % - 35
500 5.8 1 32 18 101 | 103
0.5 40 | 2 1 57 ] s8
. s - - - - -
* e 50 53 12z 1o g8 | o | ~f
500 57 |33 E 116 | 119
0,5 a5 |28 17 7 -
5 53 | 12 17 1 - S
40 50 51 |33 18 08 | 109 -z
500 7.9 138 21 15z 1 16
0,3 55 | = % 125 | 125
5 6.2 |32 e 2 | 89 i
M 50 .9 139 | i3z | 1se ¢
500 9.7 13 22 23 | 210
0,5 3,1 |29 P %0 | 233
_ 5 3 57 2 30z § 308 i
1o =0 10,5 |57 18 8 B
s00 5.8 | &% % 335 1 388
0,5 b I = 297 § 301+
. 5 9,9 |47 i 265 | 250
e 50 %7 |57 1 2 | 3 | TS
500 n7 ls= 6 Jim 1 35
© 8,8 35,8 |8 5 257 | asye
- s $ 35.7 e s9 e faos |,
%0 32,3 s 53 32 [z =
500 52,2 |75 8 2t | 333
Agpareil Instrem, Eprogvettes 172 Fzmaf {loopmest stile 50 22
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o VESICH OF WYDROGEN FUELED RAMJETS AND RAMROCKETS -1
by
. - i Dinc piai

; tituto di Macchine; Univérsit¥ di-Pisa-
“Vis Diotisalvi, 2

56100 Pisa, ITALY

SURMARY

:Problems arising from high energy-fuels, particularly hydrogen, impose-femarkable changes in interface
components, geometry and control, of current ramjets and ramrockets design.
Startmg from typical missions scenarios, advanced configurations are established for military.applica-
tions: Variabie gedmetry nozzles and- combustmn chaitbers afe considered in the light of their combined ef-
fect with the ivtnxe, o nge good perfomance and flcx;b;hty.
A numaFical exasplé of o all design is given for very high fhght Mach nurbets considering the problem

arizing ‘froh engmc/nrframe integration and cryogemc fuel storage. Parficular attention is paid to fea~
tures effecting insgtallation of such engines in aircrafe.

ROCKET ENGINES BURNING HYDROGEN AS' FUEL
The idea of using oxygen and hydrogen as propellant is nothing new. It-vas put forwazd for the first
time in 1 903, by a Ruséian mathematics, Ziolkowsky, and cAnsidered by Oberth in Cermany almost at the
same-time:
Ic is- surprzsmg that the development of this propellant has been -
958 when the Pratt andtwhxtney engine 1 10 was being perfécte - ' o.ay is al:t:nbutable te thé ex-

tres:e prope:c;es of lig hydtogen, its very Tow boxlmg point and very small specme mass, but név the
great advance - Hdn- space research has rendered high energy “propellants wore interesting.

+, statting only at the erd of

Liquid hydrogen/liquid oxigen engine - Nowadays, it is a reurable high~ performance rocket engine.capa-
ble of various thrust levels. Ignited on the ground prior to launch, the cluster of three main engines
Opé!‘ates in parallel with the solid rocket boosters during the initial ascent of the "Space Shuttle Trans-
portation Systems", Each engine operates at a weight LO /L1, mixture ratio of 6 to 1 to produce a sea level
thrust of 1 668 kN and a-vacuum thrust of 2 091 kN (257 more ‘than on tle ground). The enc’nas canbe throt~
tled over a thrust range of 65 to 109%, which-provides for a high thrust level- durmg lisc=~ off and the
initial ascent phase but allows thrust to be réduced to limit acceleration to 3 g's during the final as-
cent phase.

Each engine has fuel and oxidizer preburners that provide hydrogen- rich not geses at approximately 1 030
K: These gases <rive the .uel and oxidizer high= p¥essure tirbopumps. The preburnér gases pass through
turbines and are directed through a hot- gas manifold to the main cosmbustion chamber together with quuid
oxygen and burn at approximately 3 590 K. The main chamber operating pressure at rated power level ig ap-
proximate’y 26 700 kPa. The ratioc of the area at the aft and of the combustion chamber to the throat area
is 5 to 1. From this area; the nozzlé assembly is designed for a 77.5 to 1 chamber expansion ratio for
thrust efficiency at high altitudes.

The propellant feed system, figure 1; includés iow and high pressurc turbopumps fér the liquid hydrogen
fuel and liquid oxygen oxidizer, Each-low- pressure fuel,turbopuwp is an axial- flow pump driven by a two-
stage turbine., It raises the pressure-of the fluid being applied to the high- pressure fuel pump to prev-
ent cavxtatmn, normally operating at.a speed of 14 000 rpm for ineregsing the pump pressure from 287 to

1 aOO, kPa. The turbine is: dnven by gas 10U8 hydrogen at a no inal inlet ptessu:e of 29 434 wPa.

The" hlgh"px‘essure fuel furbopump is a chreé- stage ceufnfugal pusp driven dxrec:ly by a tvé- stage tur=
bine. 'rhe latter, in tum, 18 dnven by hot gas. supphed by the fuei preburnmer. This curbopump ope:ates at

&g 42 817 kBa. TBe nemnai turame mle:
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her pressures-brings a p;;;fomance advantage. The main reason for the
1ies in the ability to make use of nozzlcs

ei'fomance advantagé occorting £

5 high combustion pressuris
£ high expangion ratio.

A écmpanson of the thecrencai raximumn petfcmanu: undaxr the customary reference nonditions (combus-
tion-pressure 6 890 kPa, expansion ratio-68, ambient pressurd 101 3-kPa) gives:

- 10,/LH;: specific impulse, 391 s; combustion tempérafufe, 3 000 K; weight mi%ture ratio, 4.0; bulk den-
sity,- 2,746 KN/n¥;

~ 10;/kérosene: speczfxc impulse, 300 s; combustion temperature, 3 700 K; weight aixture ratio, 2.6; bulk
denblcy 10,003 kN/m®;

--‘NZX(D,,.L~ - H,: specific-impulse, 292 s; combustion temperature,” 3 300 K; weight mixture ratic 1.3; bulk
density, 11,964 kN/m3,

The small- bulk density of the mzl’mz propellant renders nécessary considerable tank volumes and structur-
al loads which are still further increased by the strong thermal insulation required.

quuxd oxygen is 16 times denser than liquid hydragen,.henee the bulk density of the propellant variesg -

ablY according to the mixture ratio; and’ wp.xmiza:mn of thir watio requires careful gtudy.. for each
missile design,

Depandence of mean bulk density and vacuum specific impulse on mixtucz ratic is shown in figure 3, as com~
parison Gf.liquid hydrogen-with kerosene as rocket fuel; burned with liquid oxygen in each case.

Combustion pressure and mixture ratio depend on cosbustion chamber cooling. The-best oxygen/fuel ratie
regatdless of engine cooling or véhicle design in respect to specific impulse is shown in {igure &4; the
optimum is-somevhere around 4§ to 1.

-In calculdring the tank volume, and the propallant quantities, corrections have to be made for the
fonmmg factorst 5% of the tank volume for the vapour space above the, gontents; 17 of the inmitial con-
tents for the residual liquids remammg at the end of burmng penod, residual propellant vapour 3t the
end of the burning periocd; propenanr lost by evaparstmn. Densxtxes of propellsnt.liquid and vapour in
the satursred conditions are shown in the following table; the fmal column indicates thé percentage re-

sidual vapour for tarks initially filled wi** % to 1 mass mixturé ratio saturated- hquxd at a pressure of
100 kP=:

Pressure Vapour, W/m?) i.ic;\uid, (i) 1 .
(kPa) o, | o, 10, TH, Residual
100 43,44 12,36 11 199,2 | 693,33 0,7

200 84,34 24,61 10 826,5 | 661,95 1,3
300 125,50 | 35,99 10 551,9 | 637,43 1L,9
500 196,13 | 60,80 10 149,9 | 594,28 3,2
800 318,72 | 101,99 9 747,8 | 532,50 5,2
1 000 397,17 | 140,23 9502,6 | 479,55 6,9
1315 505,04 | 293,22 179,0 | 293,22 12,1
Critieal Critical -

5 shows How the specific t;xeorencal vacyum- impulse and the bulk density vary with the mixture ra-
3 nozzle throat racm of-40 (carrespondmg to an expansion ra:xo ‘of the order of 500) and a

comr

u:.red f.or Auwpmg 13 greater than with the stanéard lxqu;d propéllants Figure 6 shows the
spac:.f:.c hecmncal‘ pumpability curve for the- Loziuiz prop;llant ds a function of .ixture ratio for an

enginé working at a combustion pressure of the ovder of 3 500 kPa (fuel 4p = 5 000 .8, oxidizer LGp=& 500

*iquid- hydmgeniaznengme -~ The. fsi:oi:ulsion systes sélactéc for this-discussicn consists of turbine en-
gines “for-acceleration to Mach 3 to- -4-range and convertible- -scramjets for the-mission scenario: -THe tur=

bine-engines -for the lower part of the boost speed range. iz based on.the advanced.state of- turbo;et‘aévela
opmntéfox: the Mach 3 flxv,h: inclading the-SST en~’ne-téchnology: Mach 3 5.gnd 4. ©0.capability with hydrogen
fuel .is h;ghly desirable. The: scramjet-is thesonly air= athmg engme capable of operatxon fx‘om Haeh

3:5 to the prcposed uigsion flight- -gpeeds Technology eval
Test potentialpbut that_ the- feasibxhty of prm‘:n

[
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One kay to sustained hypersonic flight is an efficient airbreathing hydrogen - fueled engine, The integrated
scranjet engine/airframe has been {dentified for military applications {n the Mach 4 to 12 speed range. The
hypersonic variable geomatry propulsion system consists of multiple engine modules each with & forebody
precompression inlet and plug nozzle exhausting., The axisymmetric multiple inlet scramjet modules effi-
ciently capture forebody shock waves and compressed airflow. The plug nozzles scrve to increase expansion
area and allow the central body, figure 7, to be nearly stream aligned at the design Much number for maxi-
mum installed thrust performance. The engines are designed to be integrated fully with a hypersonic afr-
frame, accounting properly for all forces acting on the integratod vehiclas, '

The propulsion system requirements of the low range boost vehicle bring out the fnterest for the air
augmented rocket, Suitable for high thrust and average specific {mpulee, such engine might be used at
flight speed less than Mach 4.0, with variable geometry.

The air augmented rocket, for the propulsion of boost vehicles, isknown as an cngine which improves the
propulsion sfficiency of the rocket at low flight speeds, and which requires a smaller weight of manufac-
tured structure than other airbreathing engines,

Simple engines with fixed geometry and variable alrflow have realized at best about one third of the po-
tential gain in apecific impulse due to air augmentation., The failure to gain more is very largely due to
the difficulty of arranging a fixed geometry which allows for expansion of the exhaust stream, after mix-
ing is completed. With a fixed outer cowl, the specific impulse can be improved by arranging for the air
intake diffuser to vary internally. A beneficial variation in air duct area might be arranged with compar-
atively simple noving parts operating in the cooler part of the engine. This has a double effect in improv-
ing performance; reduction in diffuser outlet area at high flight Mach number assists in intake matching.

SYSTEM CONCEPT

A satisfactory launch Gpeed might rapidly be reached at low altitude by a turbo~ ramjet -~ rocket multi~-
cycle missile. .
Such kind of hybrid engine is enough flexible to meet a large variety of cruise conditions with speed
quite higher than Mach 4, like turbo~ramjet, this propulsion system, figure 7, is arranged with a lot of
inlet and exhaust variable geometries.

A hydrogen - oxygen rocket combustion chamber is used to produce high pressure and temperature steam,
for the count down and takeoff phase, during which the degree of super heat is controlled by the injection
of suitable quantities of liquid water.

The steam flows directly to the nozzle assembly driving a high pressure turbine in a first stage of expan-
sion, while useful energy for propulsion is realized in a central - body variable geometry lug nozzle.

The steam turbine is giving power to a cluster of multi - stage atmospheric air compressors accomodated
into propulsive ducts around the turbo- rocket central body, for a sequence of operations going from cold
to hot jets for take=- off and acceleration phase.

The LH,/LO, rocket and LHy/air turbojet propulsion is followed by variable geometry LH,/air ramjet and
scramjet operation.

Application of current compressor technology to meet the higher core pressure ratios desired in ad-
vanced engines would result in a large number of stages and blades. To minimize weight, volume and stages,
high tip speed and high blade loading for high stage pressure ratio are required. It is nuw possible to
design compressors for an overall pressure ratio of 20 to 1 and only eight stages. To achieve this goal,
the pressure ratio as high as 1.8 in the first stage is decreasing to 1.25 in the last one because of the
increasing temperature., The firat stage rotor has a design speed of 450 m/s. The hub- tip ratio ranges
from 0.7 at the inlet to 0.95 at the outlet., A compression efficiency of 87 percent is obtainable.

A major objective of fan or compressor for a possible application as in figure 7 is to obtain high pres=
sure ratio per stage with high efficiency. At 540 m/s tip speed, a stage pressure ratio of 2.2 has been
already obtained with an acceptable efficiency of 82 percent, Ref., 1. We are confident that a higher level
of efficiency in this high<- speed range can be achieved by further improvement in blade design, With a
two - stage fan, an overall pressure ratio of 2.8 and a peak efficiency at design speed of 85.5, were ob~

tained,

Similarly, a higher core turbine inlet temperature is required for the application as in figure 7.
Elevated temperatures and pressures for a short operation do not require, however, sophisticeted cooling
schemes to protect the blades.

Gaseous hydrogen GH, and oxygen GO, are directly aobtained by water electrolysis at the launch place.
The most part of electrolytic cells are producing 0.2 Nm? of G, /kWh (0.0355 Nm3/MJ) an¢ 0.1 Nm3 of GO, /kWh
(0.0277 Nm3/MI), i.e., respectively, with specific gravities 0.881 N/Nm? and 14.013 N/Nm?, 0.04896 N/MJ
and 0.38925 N/MJ. The weight mixture ratio for the combustion is becoming 0.38925/0.04896 = 7.95, corre-
sponding, figure 3, about to the stoichiometric ratio, if all the electrolysis products are used.

The energy need for a modern electrolysis process may be at present time 14.65 MJ for producing 1 N
of G, and 7.95 N of GO,. Liquefaction (L) may require 3.65 MJ per 1 N of LH, and 0.19 MJ per 7.95 N of
L0,. Therefore, the total energy need for production and liquefaction, at stmospheric pressure, of 1 N of
LH, and 7.95 N of L0, is about 18,49 MJ, corresponding to 18.49/8.95 = 2.066 MJ per N of stoichiometric
mixture LH, = LO,.

The combustion temperature at a pressure (20 700 kPa) of the order of the main LH,/LO, engines of the

LY
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"Space Shuttle" may be 3 3500 X in the stoichiometric mixture ratio., The combustion product is of course wa-~
ter steam,

Such combustion temperaturs is obviously imacceptable for the turbine blades, Considering the short dura-
tion of the LH,/LO, engine operatién, a temperature of 2 000 K may be chosen. Pulverized water injection
in the combustion chamber is used for decreasing temperature from 3 500 to 2 000 K.

In order to know approximately the water fraction 8 to be injected through the experimental values of
the specific impulse given in figure 4, the following procedure is applied, -
The initial entalpy {; (for: combustion pressure, p, = 20 700 kPa; specific heat ratio, n = 1,25; mixeure
ratio, 0y/Hy, 7.95; dissipation coefficient, u = 0,95), respuctively, for sea level (p, = 101,3 kPa), and
5 000 m altitude (p; » 53.9 kPa) at specific impulse (figure 4) 350 and 270 s, are

1, " v/E = fiy (= (pytpp Dy M

i, = 1,016 MJ/N = 2 381 kcal/kg (sea level)

i) = 1,069 MJ/N = 2 506 keal/kg (5 000 m)

corresponding to exhaust speeds
v = 3433 /s H w = 3630 n/s

The gradually injected water in the combustion chamber is increasing {ts entalpy from i, =0.0043 MI/N
(10 kcal/kg) to i, = 0.612 MI/N (1 435 kcal/kg, for Ty = 2 000 K and p; = 20 700 kPa).
Approximately, disregarding heat exchange dissipation effects, to be considered in the expansion efficien-
cy, the fraction of the GH,/GO, combustion products a, the injected water B, and the hydrogen y = a/8.95,
it can be written, Ref, 3

a = i (1+8)/i
s (2)

a ¢+ 8 =1

from which

8 = (i, - i')/(il . i') 3)

We get, respectively for sea level and 5 000 m altitude

B8 = 0.248 a = 0,752 Y = 0.084 (sea level)

8 = 0.272 a = 0,728 vy = 0.081 (5 000 m)

With a step by step procedure, from the ignition to the end of the acceleration phase, an optimized
turbo/rocket ~ cold-hot turbo/fan propulsion system may be designed, to be followed by the variable geome-

try ramjet and scramjet operation.
The procedure is starting with the evaluation of the weight of LH,, L0, and water, for the acceleration

phase.

Establishing a mean value of the dissipation coefficient u (taking into account of an approximated equiva-
lence to the real hybrid engine used) and considering i; = i; in eq. 1, we get IlP and v from eq. 1, from
which the propellant weight flow G corresponding to the thrust T

C = g T/v (4)

to be used step by step. The propellant weight i{s obviously depending upon the nccele'ntlon phase dura-
tion,

In operation, hydrogen, oxygen and water, are supplied from turbopumps to the combustion chamber where
steam i{s formed. The steam flows directly to the turbine snd thence to the plup nozzle.



The expected ovarall efficiency of this hybrid boost engine is higher than rocket, because of quite 1less
mean gas exhaust speed. The propellant consumption is reduced by the high propulsion efficiency of the tur- ‘-JF”
bofan operation.

The success of such boost engine combination is depending upon the real possibility of a large fraction of

water injection into the combustion chamber, to have a high work tranfer from the turbine to the compres-

sors,

A numerical approach may be obtained considering acceleration hybrid turbo~- rocket as in figure 7 with
u = 0.6 (taking into account che compressor work absorption for the engine equivalence), i; = i' = 0.612
MI/N, and T = 100 000 N, We have from eq. 1

I“p « 172 8 w = 1684 m/s (sea level)

Inp = 177 s v = 1735 m/s (5000 m)

and from eq. 4, for a 5 000 m ascent trajectory at a mean velocity M = 2.0, a mean weight flow during the
time At = 5 000/2 « 340 = 7,35 s

C = 503 N/s
So, with a propellant weight C » At = 3 697 N, we get, applying eqs. 2 and 3, storage weights and volumes

Bav * 3 697 = (water) = 961 X = 961/g + 1 000 = 0.098 m>
a.v * 3 697 = (combustion products) » 2 736 N
Yo 3 697 = (hydrogen) = 305 N = 305/693.33 = 0.44 m?

2 736 ¢ 7.95/8.95 = (oxygen) = 2 431 M = 2 431/11 199.2 = 0.217 u?

i.e., propellant and water for the hybrid acceleration engine require the volume equivalent to a circular
cylinder 0.60 m and 2.67 m in diameter and lemgth.

The advantages of the hydrogen fueled airbreathing ramjet and scramjet, for a flexible cruise flight
to the target, are deriving from the higher energy per mass unit of on~ board propellant. In fact, weight
stoichiometric mixture ratio for air/hydrogen i{s 7.95 + 100/23.14 = 34.356. Air/hydrogen weight mixture
ratio is ranging from 5 to 115, this mesaning that a hydrogen fueled engine is very much flexible for speed
variation during the cruise flight.

Compared to the acceleration phase, the on-board fuel volume for crulse is requiring quite less vol-
ume.

LH, AND LO, SUPPLY AND ON-BOARD STORAGE

Water electrolysis, by nuclear or solar energy, msy be the primary candidate for gaseous hydrogen and
oxygen production and derivery through pipelines to the missile launch place, where liquefaction plants
are existing. Temperatures as low as 20 X (LH;) and 90 K (LO,) require vacuum- jacketed stainless steel
pipe lines for transport from liquefaction plants to the missile launch site. The need to kip pipe lengths
as short as possible {s further emphasized in that each length is triplicated. Some of the liquid hydrogen
changes to gaseous state during the fueling operation, and at any other time :Men the temperature and pres-
sure exceed certain conditions. For reason of safety and fuel economics, the gaseous hydrogen must be col-
lected and returned to the liquefaction plant through a second line. The third line providu redundancy and
can be used either to deliver LH, or return CH,

Plexible liquefaction plants produce LH, and LO; as much as it {s used and to refill storage ves-
sels.

Gaseous hydrogen and oxygen are piped from the water electrolyun to or near the launch site, where
electrical power is provided as needed for liquefaction.

The ground=- to- missile connection is following a basic fueling concept: truck with dual vacuum jack-
eted flexible hoses manually connected between the hydrant pint and the single connection to the miasile
tanks. -

Based on the largest demonstrated hydrogen liquefier capacity. (6.2 N/s, 534 kN/day), it has been yet
determined that a single plant having 'a capacity of 25.75 N/e is possible. :



sied to minizize boil- off
2D zsnk, the. ggs is vented
h E-c2 £ x] t ogen is ‘lﬁiessy converted to warér vapor.

- Several sluminum alloys and s -aiéss §tecls are applied in lightweight structures for cryogenic liquids
at- eztremiy low tesperatutes, Ref: 2.

VARTABLE CEOMETRY IN MULTICYCLE ROCKET ENCIOES

Si@iiicaﬂt chafges to its thermodynamic eycle during the £1ight are required for the sroposed cis-

,§ sile propulsion syste=s, without incurring a performance and weight penalty which would cancel the value
! of variability.

H The ghared variable pitch fans of the boost engines claiz varisble final nozzles. The cycle varisbility
i

. - - provides - ad;ustnent of srecific thrust, matching of fan and nozzle characteristics, and selection of fazn—
nozzle cocbination for optimm acceleration performances.

The operation of the variable~ geometry axisyreetric jets over s broad fiight speed cruise rasge
- is encountering cosbustor problems in & wide range of fuel air conditiens,

Integrated engine/airframe performance is tied closely te the cobined vehicle- enpine design, so that it
is necessary to conduct studies with particuiar vehicle designs. The scramjet concept could form a major
expericent for the present co=posite vehicls.

The intake degign must be a compromise approaching the optimun flow to the engine, with cinimes efficiesey
loss and drag inctesse in the £light speed range, Ref. 4.

>

-

et

. Detailed designs of the proposed turbo= ramjet - rasrocket have been carried out by the author. Their
resulis are quite encouraging.

. {1] a.1. dorris and 9.8. Sulam, "High Loading, 1 800 Ft/sec Tip Speed, Transonic Cospressor Fan Stage™ —
2: Final Report {PWA - § 463, Pratt & Uhitmey Alrcrafe; HaS3 €= - 120991, 1 972,

{2] D. Dini, "Performance Characteristits of Turbo= Rockers and Turbo- Ramjets Using High Energy Fuel®,
AGARR Conference Proceedings ¥o. 205, Paris, 6-9 Septecher 1 575,

33] D. Dini and P. Psarudakis, "rrilizzaziens diretta dsi prodotei S2ilz eletioolisi del“*‘"s!a per turbo—
generatore ad alts rendirento™, 36" Congresso Kaziomsle ATI, Viareggio (Itely), 5-9 Ocrober 1 981

{4] D. Dini ad R. Lazzevetti, "Engine Intake Control Design for Advanced Fighter alrcraft™, ACARD Comfer—
ence Proceedings ¥o. 275, Cologne, Ger=amy, 1-2 October 1 979.

Fig. 1 = Propeiiﬁt feed s’es:ea for the Space R f;‘ig. = Cozparison between tank. sizes
Shuttle =sin engings.

for different ﬁétnm ratics.
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R DISCUSSION

Rio

1think. !’et.r Kramer of the University of Siuligari should comment on the overall idea of this type of turborocket
~ famjet. 1 ’«’-cmld like to make & comment and a3k a iﬁ.ésﬁéﬁ concerning the i injection of water into ihé hydrogen and
B Q:}gmswket combustor. We are doing precisdly th ¥ instituie in DFVLR which we calleda hydrogen-
oxygen steam generator for push button demand 2lecirical power generation. The problém of getiing high droplst
evaporation efficiency becomes more difficult 2s you iry fo inject water into very hizh temperamre systems as you

propost.i. Any droplets remaining would damags the {urborocket m:u;hm*"rv which is in the wake of the steam

generdior Wy did vou suggest 2000° K in your studies? Were you proposing to use ceramic blades or what?

Authior’s Reply
This idea came out of what yo suggested s 3 stationary steam plant. A 2000° K temperatrre we can sow
potentially achieve with transpiration cooling of the blades for a short period of time, The problem is to inject
water in 2 small volume. The problem is for = stationary power plant, but we may apply it to a rocket too.

PXramer
You wanted {o reach Mach 3.7 within 7 scconds? What zcceleration did you have?

Author’s Reply
1 don’i know the number, but normally in desizning = missile, the scceleration phase gives an sltitude from O 10
10,000 metres and fakes sbout 40 seconds. In order 1o g8t there in 7 seconds, the acceleration would be foo high.

Comment by P.Kramer
The 1urbomachinery will not sumrvive,

Author’s Reply
1 ook 2 temperature of 2000° K. This was used s 3 numerical example to put forth the idea. The 7secondsisioo
. hizh an acceleration, .

PKramer
Did you compare it with * puie rocket booster instesd of 2 turborocket booster? You know we are doing similar
studies for Space Applications, and we found that the pure rocket booster balances out the weight disadvantages of
the turborocket, so we came out with the same payload without the turborocket, but with the pure simple rocket.
The turborocket saves fusd, but dossn’t improve payload. That was our result.

Author’s Reply
We need fo study this more completely, but the main purpose of this kind of propulsion system is to improve the
propeliant efficiency. From a payload co..siderstion, you are probably rizht.

i
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IHTRODUCTION

Resent a1CeTpis ¢ increzse the cosbustion sffisian
=gnist engine sre prizerily fooused on the Introduction
of betrer fisme holders ang various sother novel dasign
vorsex asplifigzation by-=2ans of gas jJeis {Ber. 1 A1t
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Iiguid phase decomposition of $he fuel hzs not re é
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B AHALYSIS
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gse of pr16%3 cmsigﬁole-éec, the cbupliing between evaporation and decomyosi-
ar weak.. The-entirg spray evaporates nearly completely before résiéhes are
this case, an i. ¥ 100% might be

h combusticn eTficlency of near
Figure 7 i%-a plot of the pessa.+@ 1d6al combusiion efficlency based ypon the s
fuel. actualiy-~evaporated.. It is-plotted from Fig. 6 and shows the combustion
as a funcﬁion; { the- cbaracte ristie 1ength available for evaporation. When &g
tion rate is rastepr than thé evaporabisn r t&, as in the case & Paigl 8 an increase in
the chdracferistic length would not change the burner performance significantiy The
maximum-possible eombusfion efficiency as a functlon of the freguency factor is shown
in Fig. 8. It fécuses- attenzion on. the importance of liquid. phaseé decomposition in a

‘burner with- no- resbriction on the allowable characteristic lenzth.
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Figure 7. Combustion efficiency as a function
of the characteristic evaporation lengsh.
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DISCUSSION

R.Monti

I think that the “sudden freezing” kind of model introduced by the authors is valuable and very proper as a first

approach to the problam. However, I think that a more accurate model should take into account the thickness of
the layer of decomposed liquid and relate it to the evaporation rate.

Author’s Reply

The question raised by Professor Monti is very valid. Our mudel assumes that the entire droplet undergoes
decomposition as a unit. There is no evidence that such a so called “sudden freezing” actually occurs, Prelimninary
observation shows that the droplet gradually becomes darker as the evaporation progresses. This might be duetoa
“surface effect” as Professor Monti suggests, or it might be due to uniformly distributed . uctei of insoluble residue
species suspended in the liquid phase. At the present time. we are attempting to interrupt the evaporation process to
determine the chemical composition as well as the nature of the products of decomposition. We are hoping that by
the end of this academic year, we will be able to resolve whether a thin layer of decomposition product or a large
number of dispersed insoluble nuclei exist. Only then a better and more appropriate model can be proposed

The purpose of this paper was to point out the potential probl¢m aress associated with droplet decomposition
particularly for synthetic fuel and blended fuels, We thank Prbfessor Monti for his kind words.

E.Wamne

{2) Could the authors explain the apparent conflict between Figure 1 and Figure 2 in relation to the time to reach
the cessation of evaporation. For example, 2 ms in Figure 1 and 0.4 ms in Figure 2 (2 cm at 50 m/s).

(b} What work was carried out to study heat transfer to the droplet since this is a vital component of the
evaporation scene?

Author’s Reply

{2} Actually, there isn’t a conflict. The particles have zero initial velocity and they are accelerated to the gas
velocity after a long period of time depending upon their diameter, After say 2 ms, they have not attained the
gas velocity except, perhaps, the droplets with diameters under S microns, Also, the evaporation/decomposition
rate is diameter dependent. The time and locations shown in Figures 1 and 2 appear to be consistent. Perhaps

during my talk, I did not stress enough upon the momentum equation showing Stokes' drag and the velocity
difference between the particles and gas.

(t) Detailed study of heat transfer to the drovlet was carried out by Farhangi, a graduate student of USC. (Please

see Reference in back of the paper.} In the present-paper, the experimentally determined evaporation constant
B, includes all the effect diie to heat transfer. In ordér not to confusé thé central issue of droplet decomposx-

tion, we have used the expemnenta!ly determmed B rather than the effect of conduction, convection and
radiation heat transfer on the droplet. 'I‘husi jmplicitly our study includes the-effect of heat trans
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SUMMARY. - - -

The develc dt
is describe This model is-based on a.concept in which
5 a-stirred xeactof, is coupled ‘to. a garabol;c boundary
outside the .récirculation-zone. _Hydrocaczbon oxidation

ergy turbulence models are included. In addition to the
b eactor -elements, a module representing the fuel injection
process hds besn developed. _Results of thé application of .the modular model to-the anal-
ysig of cold-flow and reacting-flow dump combustor eXperimental data are described, and
the use of the model as an interpretative tool in a recent ramjet combustor development
program is outlined.

;nt and applxcatxon of-.a" mcdular model for the. prediction of the perfor-

1. INTRODUCTION

Control of flame stabilization-and- flame propagation in a turbulent flow represents
a key element in combustion chambér design.. The placement and geometry of fual injectors,
flameholders, and air distribution. ports are basic design parameters that govern the per~
formance of a partxcular combustor. Therefore it is desirable to compute combustion
chamber flowfields in order to understand the phenomena that occur in existing combustors
and to predict the performance of- new- combustor-concepts. Modeling can also be used to
analyze the behavior of flameholders and- fuel“injectors under a variety of conditions.
The insight gained through thé-use of these "unit™ analyses 1_be of substantial use in
the planning of -a combustor test program and in-the intefﬁreta ion.of combustor and com-
bustor compondnt test data. However, the computation of.a-gensralized combustor flowfield
iz a formidable task, involving a.number of comglexxcoupled -physical and chemical proces~
ges, which can include turbulent, recirculating:flow, possibly:-with swirl, finite-rate
chemical kinetics, and droplet evaporation and combustion. -The obvious difficulties in-
¢lude not only the multitude of coupled-mechanisms: but also-involve the typical disparity
in characteristic length and-time scales, ih ccmbusticn chamber £lows., Despite these prob-
lems, considerable progress has bsen made-in rédent years- in“the development of calcula-
tion methods, using techniques for the solution of the elliptic governing equations and
simpler yet physically pérceptive -"modular” modeling techniques.

A *"unified” model of a combust;on chamber .flowfield in general requires the numerical
golution of the elliptic form of the governing equations: Most practical combustion cham-
ber flows involve large regions of recirculation in which axial diffusgion is inportant.

A c¢onsiderable amount of research effort has been put into the developmen® of numerical

techniques for these problemsg, and successful comparison of calculation with experiment
for recirculating flows with large heat release has been reported by Hutchinson, et al.
{i] and by Abou Ellail, et al. {2], for example. Significantly, in both cases a careful
a&aptation o6f ‘the numérical model to the specific experimental configquration was reported
t0_be-Yéquired, and in.both of these papers it was noted that the details of the computa-
tion required:.careful handling to obtain the accuracy demonstrated. Furthermore, Abou
Ellajl, ét al.-[2] noté that it is.not possible to, provide sufficient resolution in a de-
tailed .combustor flowfield.computation to adeguately describe processes, such as fuel in-
jectidn, in which mixing initially occurs on.-a scale much smallér than that of the overall
combustion chambér. ‘Thus, while the.development of namerical models capable 6f providing
direct. solution of the équations governing specific combustion chamber flowfiélds contin-
ues, & need exists for the development of phygically perceptive yet mathematically simpler
models. This. requirement arisss from the need fo. provide a model which allowz reasonably
rapid.computation of a number of differént, complex combustor géometries, and the need to
develcp models for those pracesses, such as _fuel injection, which dcour ‘on scales sSmallér
thani can be adequately -resolved in a detailed.overall flowfieid computation. The davelop-

ment of .approximate methods - modular models - iz.a response o the requiremznts just out-
lined.

The basic interest in the application of approximate techiiques is- to aveid the com-
plexities inherent in a direct calculation of a complex flowfield by making suitable
assumptions that zllow the flow to be computed using simpler approaches. Clearly the
simplest possible procedure jis to assume that the flowfield.is effectively one-dimensional
thus avoiding any necesszty for definition or calculation of velscity or species profilé
effects. A gomevhat more sophisticated approach is to assume chat. the.combustor flowfield
can_ be.broken acwn into- separate zones, each of which c&h be calculated individually in.

s LN th £aghion to obtain an overall computational
3 34

\pproaches .
et al. [3] and:Swithenbank, et &*. [4]; the formula-
imilar in-that the ovérall combust-r flowfield is

prov;des af .more detail than either of thexfor-
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separates the othet B regions.
uplis e StEer -two-modél components;

e 7 -acK 3 ayer 'grm *tHe boundary conditions. oh the

AWo_computational- i

: “base the ‘quasiglobal model IS] can
be included in the- fc

lation.region Well-stirred reactog foimu ion has been restriated to a global fihite-rate
-cheémistry modgl. {rected flow is_assumed to be fully-turbulent, with the turbulent

/equationigurbulence model IGI. A key difference between _this

i

the redirculation-Teg L 1y-rather than sgecified empirically-
Furthermoré, the-directed-flow-region id computed in défail as a two-dimensiondl parabolic
flowfield; rather -than through a-one~diménsional apptoximafiﬁn, ‘allowing the-use- -of -de~-
taile computations ‘Of “the mixXing and chemical reactiolis in this region of the- cempustor:

DROPLET BREAKUP, SPRAY FORMATION,
VAPORIZATION PROCESS

RECIRCULATION REGION
- REGION OF STEEP GRADIENTS
- /(SHEAR LAYER)

NON-RECIRGULATING,
AVI~TOUS MAIN FLOW
(mm.cren FLOW)_

e,
- gﬁ?{ﬂl’
Xum FUEL 'rvmc;u. VELOGITY PROFILE
INJECTION DIVIDING STREAMLINE

FLAMEHOLDER INJECTION

FIGURE 1. Schematic of Sudden-Expansion (Dump) Burner

In this paper, the development of the modular model for a sudden-expansion combustor
is déscribed in detail. The model formulation, including the definitioun ‘of coupling con-
ditions and a description of the overall flowfield iteration procedure, is described in
section 2. Results of the application of the approach to the computation of a variety of
suddén-expansion flowfields zre described in Section 3; where the capabilities of this .
approach and ‘cusrent unified elliptic formulations overlap, such-as in the computation of :
incompressible .sudden-expansion flows, the results of the modular gpproach are ccmpared
with both availablée experimental data and unified model camputatianal results. This is
£ d-by a discussion of the use of the model as an interpratative tool in a curfent
ramjat combustor'devélopment program. The description of this application focuges on the
use “of the model as-a tool for the assessment of the causes of low pérformance encountered

f ome -situations during the early ‘Phases of a combustor test program. This investi-
atich led to recommendations and gubsequernt alterations in test variables, which rasulted
in improved performance in thé second test phase, Overall ccnclu,ioﬁs reached from the
work discussed in this paper are described in Séction 5. WOT
shows that there are considerable advantages to be gained from the use of analytical

models as interpretative techniques and planning guides in conjunction with experimental -
camhusfar development programs.

by

.

MOLULAR? MODEL FORMULATION

‘Thé basic elemerits-of-thé fticdular model formulation are & parabolic finite-difference
used’ for the directed-flow portion of the analyszs, and’a
dtor “computa which represents large-Scdle recirculation regions. “Thesé
nédules; are ;cupied tégether throigh &-gimplified representation of the
~lay exists betwéen the- dirécted flow and thé recirculation

. —————
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2.1 WELL-STIRRBD RE‘CTOR - THE RECIRCUZRTION ZONE: MODBL

Flowfield-régions in which intense backmixing occurs can. apgraach ,he limit of cém=
plete mzxan, and thus thg well-st;rre&* actor—concept is-attractive for representing the
recitculation :egicns in a suddenrexpaﬁs;an barner. -

For a well=stirred reactor, the egua-
tions describing- the” transport of energy- and species reduce to the relations

COntznuit; :
‘ ' il =il =i ' w
Species - -
aMa;
g =Wy ot Ve {2}
Energy

h= The =b'+d/m 3
b4

where the superscripts I and O represent inflow to and outflow from the stirred reactor,

M the mass.contained- witbin the stirredireactor, the ay aré the mass fractions of the i

speéies in the reactor, m; is the net inflow of species i, V is the reactor volume, “i the
volumetric production rate for species i due to chemical reaction, h the enthalpy, and. &
the rate of heat addition to the reactor from its surroundings. Note that in this set of
equations the species transport equation is written in non-steady form. This formulation
has been adopted to facilitate solution of the stirred reactor gcvernzng cquations with,

£inite-rate chemical kinetics; thz steady-state stirred reactor sclution is obtained when
daj/dt + 0.

Equations (1)-{3), along with expresszicns for the volumetric specics producticn-rites
for the enthalpy as = function of species- cancentrations, and the equation of state; des
fine the temperature and species concentrations in the stirred feactor, given the inflow
rates for species and enthalpy. In the modular model, the net inflow of speciey and en-
thalpy can each be expressed as a line integral involving gradients avaluated along the

dividing streamline, so that for the modular model the energy and species conservation
equations for the stirred reactor can be written

Energy
s 351 s
- [ S SOk X 3T
‘2“_[ R (x)pvy X [B{(T) 57 |ds + @ - 21:[ R (x}x £= ds
[1] [4]
5
- 21:/ R (x)ovy T |0S(Ty) o+ | as 14)
o i
where R, (X) Zepresents the radial location of the dividiag streamline, and
Species
% = E;-f Rc(x) oy 5 8: ds - 5—;7- Rc(x) Vo S ds + -p—c- {5}
9 0

Here pp represents a characteristic density of the stirred reactor region, and pvp a

T
characteristic eddy diffusivity, evaluated from the outer flowfield solution in the region
of the dividing streamline.

2.2 PARABOLIC MIXING: THE DIRECTED-FLOW MODEL

the second major element of the modular model for a sudden-~expansion combustor iz the
formulation for the dirécted flow portion of the combustor flowfielx.

it is assumed that
the:boundary layer approximations apply to this part of the flowfizld, so that the de~
Scrib;nq equations are parsbolic. For a steady, axisymmetric flow these equations may be

Global Continuity
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Homentun_Equation
{8)
and the
Ener quation i
= 5 3 rpv Jo; 2
mBepst 2T fm (g w2 (5)) @
in which Pr and sc represent the Prandtl and Schmidt numbers, respectively. These egqua-
tions, along with expressions for the enthalpy
- Heh+Y9 and'h = 3 ;b (T) {10)
=htT e 24Py
and’ the edquation of staté
P = ORT 3 (a;/W,) (11)
e

can be solved, given an express:on for the turbulent eddy viscos!'y up = pup. In the
_present formulation, this is defined by the two-gquation-turbulent kinet;c ¢nergy model
[61: in-which transport equations are written for the turbulent kinetic energy, k, and its
digsipation rate, -&; In boundary layer form, these equations can ‘be written:

Turbulent Kinetic Energy

" 2
3k ., . 9k _ 1 3 3k au) _ -
pu =2 + oy 3F =53¢ (——"k gf)-r- ;:T( r) pe {12)
Turbulence Energy Dissipation
;2
se ., ae _1 3 [¥F 3 ) £, {3l _ €2
ﬁuﬁ*f’“ﬁ-fﬁ(rc 3% ) * Ce1 K ¥2\3E) " Ce2P T as

vhere up = C,pk?%/e. Thoe turbulence energy dissipation rate, €, can be related to a turbu=-
lent Scale, %, through the Kolmogorov hypothesis ¢ = k’zfik 50 that the transport equa-
tion for turbulence energy dissipation can alsoc be regarded as a description of the spa-
tial variation of the turbulent length scale.

2.3 CHEMICAL KINETICS: THE QUASIGLOBAL MODEL

In both the stirred reactor and directed flow portions of the modular model volumet-
ric chemical kinetic production rate terms appear in the species transport equations.
These terms can be evaluated using-a full hydrocarbon chemical kinetics scheme based on
the quasigiobal kinetics model [5], which has as a key element a subglobal oxidation step

- n - m <
anm + ¥ Oz - £ HZ + ncq_ < {14}

This reaction is unidirectional with an empirically determined rate (grams of fuel/cc/sec)
given by

aicl .
c.H .
——2=a1 % fc 1,12 [0,] exp [-E/R7] {15}

w;th the constants, A; b, and B}R defined in Table 1, where P must be given in atmospheres, -

T in degrees Kelvin and {1 denotes molar concentration; coupled to this subglobal step are
the intermediate reversible reactions also given in Table 1.

2.4 KODELS FOR THE FUEL INJECTION PROCESS

_ In addition to the basic components ofa parabolic, directed flow analysis and a
well-stirred reactor formulation, the modular concept can be extended to’ include other
eléments of the dump combustor flowfield, for-example, the- fyel injection process. The
detail -of -the complitation grcvxded by the. use of a pdrabolic directed flow analyszs is the
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TABLE 1. Esxtended C~H-0 Chémigal-Kineétic Reactioh Mechanism
ke = A™ exp (<E/RT)
REACTION B A ,,rcngm E/R
D e, +30,+5n, 4000 §r 008 CROIR 5. 39 sl 1 pe o 13
2) €0 + OH = H + Co, 5.6 x 101t o 0.543 x 10°
3) €O+ 0, =0, 0 3.0 x 1042 0 25.0 x 10°
4) CO+0 +M=0CO, + M 1.3 x 10% -1 2.0 x10°
5) H, + 0, = OH + Of 1.7 x 1083 o 24.7 = 103
6) Ol + H, = H,0 + H 2.19 x 10%3 o 2.59 x 10°
7) OH + OH = 0 + H,0 5.75 x 1012 o 0.393 x 10°
8) 0+ Hy = H +0OH 1.74 x 1013 0 4.75 x 10°
9) B +0, =0+ oH 2.24 x 1044 o 8.45 x 10°
10) M+ 0+ H=0H+HM 1.0 x 108 o 0
1) H+0+0=0, +H 5.38 x 10%% o 0
12) M+ H+He=H, + M 5.0 x 1035 0 0
13) M + H+ OH = 50 + ! 1.0 x 10Y7 ¢ o
14) 0 + Ny = N + NO 1.36 x 1044 0 3.775 x 10%
15) N, + 0, = N + N0, 2.7 x 10M -1 6.06 x 0%
16) N, + 0, = NO + NO 9.1 x 1024 -2.5 6.46 x 10°
17) NO + MO = N + NO, 1.0 x 208 0 4.43 x 10°
18) No + 0 =0, + N 1.55 x 10° 1 1.945 x 104
19) M+ NO=0C + N+M 2.27 x 10%7 -0.5 7.49 x 10%
20) M + NO, = O + NO + M 1.1 x 10%% 9 3.30 x 10°
21) M+ NO, =03 + N+ M 6.0 x 10t 1.5 5.26 x 0%
22) NO + 0, = HO, + O 1.0 x 102 0 2.29 x 10°
23) N+ OH =80 + H 4.0 x 10%? 0 0
24) H + NO, = ¥O + OH 3.0 x 10%° o 0
25) Co, + N = CO + NO 2.0 = 10*! -1/2 4.0 x10°
26) €O + NO, = CO, + NO 2.0 x 10t -1/2 2.5 x 107
Reverse reaction rate kx is obtained from kf and the equilibrium constant Rc

key feature of the modular model that allows the inclusion of a fuel injection module,
This is particularly true in the case of liguid fuel injection, for at the fuel/air ratics
appropriate for ramjet combustor opfration, the liguid fuel streams initially occupy a
very small portion of the overall combustor cross-sectional area. The ligquid fuel injec-
tion kodel makes use of a combination of empirical informaticon and turbulent mixing calcu-
lations. For example, the fuel jet penetration from the wall is. computed through the use
of an empirical penetration correlation {8}, using a breakup time correlation {9] to esti-
mate-the downstream distance at which penetration is to be computed. That is, it is
assumed- that the fuel jet has turned parallel to the airflow at the axial position at
which_the. initial fuel jet has broken up into droplets, as given by the braakup time cor-
relation and the local airflow velocity.

Since the basic nédular model formulation. involves an axisymmetric flowfield, indi-
vidual fuel jets cannot be-resolved, and it iz assumed that the liguid fuel. spray forms an
annulus whose cross—sectional area may either be. specified or ccmpute& based on an assumed
fuel spray.bulk velocity. A bulk spray ewaporat;on correlation is then used to compute
the fuel. vaporization.rate; this correlation [I0] is.a function_of the 1n1tial v.locity.
and: temperature differénce. batween the fusl spray and the surrounding air stream. Spread-
ing of ‘the.fuel jet is computed through use of a turbulent mixing hiypothesis as for the
m;x;ng#process in the remainder of the parabolic flow. Figure 2 shows the-results of a
computation of the fuel.injection process for -three fucl in:ectcxs, located, in the com-
bustor inlet .wall, along.the centerline, ané in a-midstream posgition. Shown are the com-
pute& contours of the fuel mass fraction, ap, with the vapor—phaseriael shown as the solid

ine and ‘the liquid-phase fuel as the dotted line, as a function of both axial and radial
gagzt*on An.the combustor inlet. For thése calculations the air inlet velocity was
aﬁpzsxxmately 700 £t/sec at a~tempe:ature of, 1600°K; the overall fuel/air equivalence
ratio was -0.6. The results shown in Figure 2 9rcvxde & good exam?le of the detail of .the
fuel injdction process available through use of this aspect of modular mcdelxng.
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FIGURE 2. Predicted Fuel Mass Fraction Distributions for
Simultaneous Injection at Three Radial Locations

2.5 COUPLING RELATIONS AND ITERATION PROCEDURE

The overall logic of the calculation procedure is shown schematically in Figure 3.
Inlet conditions can be defined upstream or downstream of the fuel injection station as
required; if 1ligquid fuel injection is specified, the penetration and spreading of the
liquid fuel jets are computed as described in the preceding section. The computation pro~-
ceeds to the dump plane in the sudden-expansion combustor, at which point the dependent
variagles in the flowfield are stored for later use in the recirculation 2zone iteration
procedure.

An initial state for the stirred reactor must be specified in order to begin the
iteration procedure. This state is reasonably arbitrary, evcept that a reacted tempera-
ture level must be specified. The shape of the dividing streamline separating the direc-

ted flow and the recirculation zone must also be specified, along with the shear stress
level, expressed as a "skin friction" coefficient. The initial stirred reactor state, in
conjunction with a model for the shear layer between the recirculation zone and the direc-
ted flow then defincs the boundary conditions for the parabolic directed £low calculation.
birected flow computations are carried out to the axial station at which the end of the
recirculation zone has been defined; as part of thesge computations the diffusive flux of
species and energy across the dividing streamline is computed. These fluxes then define
a new set of stirred reactor “feed rates", i.e., species and energy fluxes intoc the recir-
culation zone region. Convergence of the procedure is defined by the change in the
stirred reactor feeéd rates from iteration to iteration:; each specids and the energy flux
fiist change less then 0.1t before the convergence criteria are satisfied. If they are
not, the speciss and energy fluxes, and the ovérall diffusive mass flux and physical re-
circulation zone volume are used to compnte a new stirred reactor state. The pressure
fequired for this computation is taken to be the arithmetic average of the pressurss com-
putéd as part of the directed f1ow solution at the beginning and end of the recirculation
region. The new stirred roacdtor state is then used to define new directed flow boundary
conditions, and the computation is restarted from the dump station. When convérgernce is
achieved, typically in 3-5 iterations, the combustor calculuticn is continued to the
specified combustor exit station.

In descr;bzng the coupling between the stirred reactor and directed flow elements of
the model, it is useful, for ¢larity, to consider z simplified formulation for the stixred
:eactcr,‘usxng & global finite-rate kinetics modél. In this model, the fuel consumption
fite is given by the expression

a
c? = =CC4 3’23 exp (=B/RT) {16)

s A
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where the C's have the units {moles/oc/séc), T is in °K, and R is in kcal/mole %K; A =
3.80 x 10“ and B = 15,600. Pérforming the manipulations necessary to recast Bq.(15) in
terms-of .mass-fractions, and:-sobstititing int5 Eq. {23, resnli:s ina set of simultaneous:
equations for the,active spec:.es‘cf the form:-

-aMa-
2. = - ¥, amifé‘m (17}
3t P, * "‘? :
i - ) g 312
P {xi _F0, vE(T) (18)
- It 5 " % w3 WAl
co,, .
2 _ I ; n 312
- Cuai mCGz - chz(m) Fa 2 ve(T) (19)
anaig2a =1 [ . =/2 37z
d - "mpo * “xzc(ﬁa;)“r“oz vt (20)
2 _ =3I
| - msz 21

27-7

where n and m are the carbon and hydrogen atoms in the general fuel molecule CpH,, the W's

are the molecular weights of the species, and

8(T) = o> 2 exp (—amyfw?wGZ’z (22)

Given the specification of the mi, Egs. {17-21}, along with the perfect gas equation of
state and Eq. {3} are solved to obtain the new steady-state values of the active species,
i.e., the values obtained when &dMzi/dt + 0.

INLET REACTOR
CONDITIONS INITIAL STATE _

SHEAR LAYER MODEL
1 FUEL INJECTION DIRECTED FLOW

————— BOUNDARY CONDITIONS

_ i

was TORBULENT REACTIN
) REACTING
CALCULATION FLOW SOLUTION
NEW
o STIRED REACTOR

COMBUSTOR
CTALCULATION

FIGURE 3. HModular Model Calculation Logic

A key element in the modular formulation is the model for the shear layer batwéen the
recirculation zone and the directed flow. It is the computation in this region that pro-
vides the boundary conditions for the parabolic directed flow calculation; through the
gradients in enezgg: and gpecies mass fraciions computed from the directed flow solution,
the influx rates |3 in 'Egs. {1?*21} and the energy flux hi in Eg.{3) are evaluated. The
shear layer region s computed in simplified form: It is assamed that the shear layey
can be modeled as a region L({X) a ch all dependent variables {(i.e., velocity, tem~

perature, and species miss i 1ineafly. It is further assumed that the shear
layer width itself is specifiable by &-linesr growth law,
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i=ax +b -{23}
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layer thickness at the eéxpansion plane, whilé-the constant 2. can be relatéd to- eap;:ic;l
expressions for shear layer growth rate. For self-similar shear layers, the constant a
can be related to the shear stress level at some characteristic point in the shear layer.
#owever, for rcacting %u&&en—exgans;gg burner flows self-similar shear layer concepts do
ot appg and the dividing streapline shear stress is, in the modular model, independently
specifiable.

As shown in Figure 4, the dividing. streamline shape Raix} is specified: This speci-

fication also defines the dividing streamline stream-function value §,. Along § = 3,, the

tiorbalent shear stress is specified thfough the use-of an input “skin friction coefficient™:
c L/ 350° (24)
FH

where § and U are evaluated as the average of their values along the flowfield centerline
and along the streamline § = ¥p- As noted above, tempezature and species mass fractions
are assured to vary linearly across the shear layesr. If ¢p is defined as the streamline
immediately “outside™ the recirculation regmn {i.e., within the directed flow) and $r is
a {an imaginary) streamline immediately *inside™ the recirculation zone, then, for species
X

- X

dag s ir - )
37 )ﬁ e 73 2 . 25)

and for temperature
o ) T -7
3Ty =B _ T 126}
Ez_w Li{x}

where o3 are the values of the species mass fractions and temperature obtained
from the st;:rei reactor solution.

FIGURE 4. Dividing Streamline Definition Skatch

The boundary conditions at ¢ = & established by Egs.{24~26) dzfine, through the
parabolic solution, effective gradients whick can be used to define the influx into the
stirred reactor. FPor exasple,

- V., 39
= asf p = i
;= If 2 5= 35 Rcix}ﬁx {37}

where L is the distance measured along the dividing streamline and vy the turbulent dif-
fusivity for momentum; Sc is the Schmidt number. In discretized streas function coordi-
nates, using the transformation surdr = ¢d9. Eg. {27} can be rewritten as

~=f ai.r .. ;
= §f§§ {gi - o8} &, tx)ax (28)
?
where d = pur®y/y. Defining
5P = ol .
1 jj—ﬁ% ::: R {xidx —- cis}é: {39}

and noting :i:lgat,— by definition, ﬁi is constant,

sl =%

i (30)
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g equati aenve& »ti:e dteration proceﬁnte invéived in the modun-
state Given the oon&it..ons in the directed flow at the start of the
“either- mof&edmmmorasimt
:ecirculauon zong state, c_{ and I%, as well

2 Re
>fricticn coefficient” Cpy- the i i
- Girculaticn<zone, using Eqs. {25} and (26} as,bmmdary eonﬂitima  ©
‘Téfirculation zone“ig Teached, At hP, and gy are-evaluated, ana these guantities are
used slong with an- m@tspecifmatmn of §}, to compite a new stirred resftor state from
§;’(17-223‘— “The proTess-is- repeated until changes smaller thas 0.10% are observed in
and BP; aftar=whxch the remaindsr of the combustor-calculatisn is carriad out.

f -conditionis for the turbulent ZXinetic- energy, k, and the turinilent kinetic
Wgy dxss;gatzon raté, £, are €5tablished in the Same manner as described for the mean
totai-energy and species eguations. Thus, values are-assumed for the turbnlent kinetic
and its dissipation rate for the stitred reactor region, kg and g, :espectzvély.

and the gzaaients in k and ¢ along the dividing strea=line are established from the rela-
tions -

3_") =§?_—_k_’-' . 131}
y £{x}

D S
w

- £32}
axr £(x)

As is evident from this discussion, a number of parameters must be specified, either

empirically of through Comparison of model predictions with ¢xperiment, for = modular

tion .to proceed. ,mclﬁetﬁesizeéﬁ&shapesfhhetaeircﬂaumiﬁae,

‘the coefficients a and b in Eq. (23], the.recirculaticn 2zone values of k and.z, .and the

&?zﬁingstreaimeskmf_ﬁm cosfficient Cry. mmsnaﬂlyiﬁgwyzma‘
coefficients, and is in addition to the inlet ana wall boundary conditions that pust be
specified in apy formnlation, experience has shown that good results ¢an be achieved ssing
a reasonably lisited range of values of these coefficients. For exasple, botk the size
and shape of the rvecirculation zone can be adeguately specified as fonctions of the dusp
cozbustor geometry, and it has keen fourd that the shear layer initial thickoess, spresd
rate, and shear stress fistribution along the 4ividing streamline have a =arked effeck o
the static pressure distribution coaputed for the combostor. This suggests that an outer
iteration loop <an be used to.adjust-the computation for a specific conbustor seometry
through matching of the cosputed static pressure profile with experimental data for that

. and stechﬁiqmehas msfﬁiluﬁ&m&h@te&aﬁwmai
distributions of static:pressure for both cold flow and reacting flow. The =odniar ap-
pm&mmtagwﬂzze&wiﬁiﬁmlgthesmethatzzmbereli&mis the
absence of experimental data; instead, the model is one which, given & lizmited sasount of
available data, czn be used to predict and interpret the thenohenz occurring within ths
cozbustor under test, and to provide & means for scaling test resuits to cover a oore
gen=ral range of interest to the c=bustor designer.

3. APPLICATION OF MODULAR MODELING T0 SUDDEN-EXPANSION FLURTIELDS

In ovder to desonstrate the application of the modalar model to the analysis and is—
terpretation of sudden-expansion flowfield data, calculations of a variety of differest
sudden-expansion flows have bten carried out. These flowfields include inco=gressible
and compressible nonreacting flows and premixed reacting flows; in the latter case, both
one-step ylobal and the full guasigliobal chemicsl kinetics models have beenr used. Although
there are a musber of expirical coefficients in the »odel; these co=putations illustrate
that coefficient values cin be selectsd based on one set of data, and in large fart, usad
for-the- wtatian of different flowfields: Where in coefficients are o

£h changes equired
-the 3ifferences in each ¢ise can be réla*ed to physical differsnces in the fiowfields in

different configurations.

3.1 COLD FLOW APPLICATIONS

Validsticn and demonstration of the modular wmodel raquires detailed data for the
ion configuration of intsrest. One such source of detailed data is the woikx

:epartﬁ by Chaturvedi [11] for an ssséntially incospres=ible suddem-expansion fioufield.
The sudden-expansion configuration~imvestigated by Chatoxvedi involved an arsa-Tatio of
4.0 with-an: inlet Beynolds nusber (based-on iniet disweter] of 2 x 10%. The inlet velce-
ity-was thus of the order of 100 ft/seg:” A variety Of- éXpansion ahgles were Studied,
va-gig fror 15° to 509: £he. 50" exparsion af e s o5t interest-in this

wodel validatioh-worx. Chsturvedli's apparatus bad an 1/D of 25 based-on the Inlet diams
eter {5/D = 13 baged cn “Sosbustor™ dismeter) snd was aspivated by & centrifugal-pusp and
hn*te:iiy valvé assexbly at the downstream end; the inlet was x bellmouth intake directly
tothe expansion:cection: Decsuse of the differences in Chatw = Sxpeérizenta

apparatus-relative to a-typical suﬁé—expaaéia’ﬁ co=bnstor configa

3 3 or conliguratich, Which 2nClude-
the 1ack- of ah exhatst pozzie-section; the gréatér mixing Thamber length relitive-to 2

N
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3.2 REACTING PLOW APPLICATIO”I o

AL?-{;L. The configuration described b{ Craig, et al, 1151’1-,’wh£10 a sudden~axpansion, con-
sidorably different from that studied by Chaturvedi (1l). ’'The basia confiyuration studied
involved & combustor L/D of 3, a dump'area ratio A /Az of:2,2%,°and an exit nozzle area
ratio A3/A3: = 0.40,.%Thus it is.considerably thftit' han“Chaturvedi's apparatus and in~
corporates an exit noxzle contraction which was' not used'in: Chaturvadi's work, Both of-
these differencea can Ls expectsd:to have substantial effects on the overall flowfield
development. - Cold flow and reacting flow experimental results are reported for this = -
sudden-expansion configuration, : In the'mdbdular model' éomputations, the' cold flow data
were used to evaluate ~he model coefficient values:for>the specific configuration; and "
computations of .a premixed dump combustor at:a’fuel/air ratio' of 0.053 were then carried
out using these coefficient:values:for ¢ rison with:the data presented in Ret, 15, 'In
the experiments,. the fuel used was JP-4 which: was represented:in tho‘computationl by pro-~
pane. Both a simple one-step gl~hai'finite~rate chemistry model and’the-full'hydrocarbon
oxidation kinetics as representeu by the: quasiglobal model were used to roprasent the
chemical kinetics processes. in the directed flow. i The global:model was usad for the re-
circulation zone in all cases. Propane was chosen:to represent the fuel bocause previous
studies with propane had resulted in the development of a one~step finite~rate kinetics
model that represented fairly accurately the ignition delay for propane-alr (although not
the overall reaction time) over a range of conditions of interest in this.work,  Initial
conditions included an inlet total temperature of 554°K and an inlet static pressure of
1.93 atm. with a mass flow rate of 1,57 kg/sec, the inlet velocity and static temperature
were 159 m/sec and 543°K, respectively; the inlet Mach number was 0.351, 1Initial turbu~
lent kinetic energy and dissipation rate values were eatablished in the samo mannor as for
the cold flow caloulations, and the geometry of. the combustor and .recirculation zonc was
the same as in the cold flow calculations. e S

- A ] ‘t’!,/ .» ;/,,

Both combustion efficiency and wall static pressure distribution’data are availabla
for this configuration, and the results of the modular model calculation of these quanti-
ties are shown in comparison with the experimental data in Piguro-9. " The combustion offi-
ciency was computed from the mass-average temperature at each axial location in the calcu~
lation, using the JANNAr temperature-rise combustion efficiency definition [16]. For
these data, Tps(ideal) = 2178°K, Note that in these compirisons, data points are ashown
for the fuel/air ratio 0.05) value at which the computations were carried out. 7These data
points were obtained from plots of combustion efficie vs, fuel/air ratio presented in
Ref, 15 for three differen. values of combustor L/D. - band shown for each data point
represents tho range of observed combustion efficiencies as a function of fuel/air ratio
and is a better indication of the overall trend of the combustion efficiency vs., longth
data than are the individual data points themselves. .Some caution is advised in inter~
preting the combustion efficiency comparison shown in Pigure 9 since three different com-
bustor configurations were involved in obtaining the data. Thus the relationship betwsen
rocirculation zone length and combustor length is diffarent for each of the three combus~
tors tested. On the other hand, the static pressure data (for two fuel/air ratios which
bracket thoe fuel/air ratio used in the computation) and the predictions are both for a
combustor L/D of 3.0.

A point that should be noted in reviewing the results presented in Pigure 9 is that
the level of agreement with the data obtained was arrived at by increasing the kinotic
energy level in the recirculation zone substantially over the levels found to be appropri-~
ate tor the cold flow cases already discussed. One possible yhg:icnl cause for this in-
croased turbulent onorgy level in the recirculation region is the large~scale oscillation
of the recirculation zono that has been observed in & variety of reacting, recirculating
flowfields {17]. while the fluctuations that nuch oscillations produce are not strictly
turbulence, two factors combine to suggest that they can be {nterpraeted in the context ot
an analytical flow mndol as increased turbulent intensity levels in the racirculatlon
zone. Onc is that the oscillations enhance the rate of mixing in the recirculation region
and in the shear layer bounding it, and the second is that some of the energy in theso
oscillations can be oxpected to provide a source of turbulence onergy, FPor all other fac-
tory cqual, the incrcase in turbulent kinetic energy in the model recizculation zone,
whilu not lncreasing the mixing rate within that region, does increase the ef’active vig-
cogity along the dividing streamline, and thus the rate of transport across the shoar
layar. 1t also changos, both directly and indirectly through the trangport mechanism, tha
rate of transport of turbulent kinetic enargy to the recirculation zono. Thus the in-
creapsed turbulent cnerygy level in the recirculation zone required to achieve good ayren-
ment with the available data for the Craly, et al. premixed combustor appears to he plau-
sible on physical grounds. SO ;

3

Whilae thuse results indicate a good overall level of agreamont with exparimental data
for a premixed combustor, the nonpremixcd case involving liquid fuel injection is nf con-
siderably greator practical interest. To test the applgcab lity of the modular approach
(whicn, as noted in Section 2, incorporates a semi~empirical mndel for liquid fuel Lnjec-
tion) to tho analysis of nonpremixed ramjet combustor, flowfield, the experimental config-
uration tested by Schmotolocha ahd Economos (18] was selected. For these oxperimonts an
area ratio A3/A2 = 9 combustor was used, with liquid JP-4 injectod perpendicularly from
the inlet walls through an equally~-spaced ring of orifices located 6 in, uputream of the
dump plane. The inlet air Mach number for this combustor was 0.49 and the global fuel/air
equivalence ratio was 0.63, Since the experiments involved a heavy wall combustor, and
the code is prosently limited to either adimbatic or isothermal wall boundary conditions,
the effocts of heat loss to the walls on the predicted temperaturc~risa combustion effi~-
cieancy were approximated by using a Jower air temperature value moasured at.the exit of
the combustor durtnq,Llcthotmgg;sllgiqqhtnfpxiqd?ot,ﬁhgf{ctﬂq%zinlot ait tompérature, As

-
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in the premixed combustor investigation, the reaction rate for the JP-4 -fuel was modeled
using a global expression derived for propana, However, for these calculations the “ther-

_ modynamic coefficiénts and mblecular weight of the fuel were those appmpriate for JP=4.

0.7 —
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FIGURE 9. <Comparison of Predicted and Measured cambustion,Effic;.ency -
and ‘Wall Static Pressure bistributions, Premixed.Sudden-
Expansion Combustor, Global Finite-Rate Chemistry Modsl.

Model coefficients were taken to be those established from the modeling of the pre~
mixed. dump combustor described. earlier in thi§ section, despite the.large difference in
dump area ratio betwéen the combustor used by Craig, et al. [15] ‘and the.present combus~
t6r. Reésialts of thasd cgmputatlons dre ahown in Pigure 10. In_the lower part.of Figure
10, the computed combustion témperature distribution.is shown. Coalescenge of the iso-
therms along the recirculation zone boundary reflecks the highly turbulent shear layer
region. The predicted equlvalence%rat;o in.the recirculation 2one, $pg, is 1.87, as com~
pared to a measured-valie of 1.70,.£6r .the globally fuel-lean overall-aquivilence ratio
of ¢o-=-0.63.° ,Note that the vapor;zat;v pfocesa reaulting .£rom, liquid. fusl .njection
into tha'1110°R .alrstream effectively feduces the’ haterogeneous mixtufe.temperature

levVels, asg shown.by- th“ presence of .a 1000°R,\isotherm. A camparison of .predicted and
ustor.exit_plané. As.expec-

measure&,radlal empet e profiles ;. provi 3
th 1 than tﬁea ei:icai due. to local. heat

iaver, . i N

fiow, B0 - tl;a,t:ovetall ccmbustion ef_fi‘ ( d on mass-ave:aqed ‘temperatures,
iz well represented. This is “ghown “in thé-uppar: part 6f Figore 104 the
points represent écubuztion efficiency ahtained ‘from éxit species Aaistri
exit total temperature.
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FIGURE 10. Comparison of Modular Model Prediction With Measured Dump Combustor
Performance, Liquid Fuel Injecticn., Data From Ref. 13.

4. APPLICATION OF MODULAR MODELING FOR RAMJET PERKORMANCE DIAGNOSTICS

One of the most important determinants of liguid fueled ramjet performance is the
fuel distribution at the combustor entrance. For the sudden-expansion liquid fueled ram-
jet, the interaction between the inlet fuel distribution and recirculatic. zone state is
a further important conszderatxon. A variety of observations have shown that for wall in-
jection of the fuel; ‘the racirculation zone equivalence ratio is generally more fuel-rich
than the overall (giobal) equivalence ratic. This is demonstrated by the data of Schmoto-
locha and Economog [18], which was obtained for three dif ferent inlet conditions and at
two different locations of the fuel injection orifices upstream or the dump plane. Indeed,
the measuréments described in Ref. 18 indicate that for overall zquivalence ratibs greater
than 072, the equzvalence ratio in the recirculation regxon is alwev greater than unity.
These - data are shown in Figure 11 in which the results of a modular model computation at
one ovarall equivalence ratio are also shown: The agreement ‘between ths experimental re-
sults and the computation is reasonably good.

In the experiments described in Ref. 18 plidin orifice fuel injection was used. For
plain orifices, fusl penetra*:on characteristics aré reasonably well dccumented, and the
empirical penetration correlation used in the model is basged on data fcr plain or
However; plain orifices are not widely used in ramjet desigr because of their poc
cawn characteristics which résult in _the need fo¥ seVeral sets of 6rifices to cbtaif a

¢ide ramjet operatinc range. ‘The most commonly uséd fuel xnjector in llqu;d fuel ramjec :
applications is the p&ppet iﬁjector, which has a-much broaﬁer turndown range than does a H
plain-ofifice, Howavér, penetration characterzstxcs from- poppet in)ectors under ramjet
oﬂera*ing conditions are not well documented. Indeed. there exists one investigat* on of
pOppet (ahd other nozzlé) penetratzon chazacteristlcs under’ ramjet opefating conditions in
which it was observed- that the penetration from poppets ‘is essent;ally nil [19]. while
otaer resul€s indicate that ‘penetrdtion ¢haracteristics simildr to.orifice injection dan

be'obtax1ea using poppets, it remains clédf that the penetrat-an character;stics of pop~
pets’ are not as well known as £6r plain or;fices.

At one operating condition, which involves a relatively high inlet temperature, low
ramjet combustor performance was observed in a recent test program: At this one condition
per‘armarce wae considerably lower than -at otheér té: itions. Review.of thé available
results suggcsted that fuel distribution effect§ Twere sgible cause, and in particular
that af the ege“ating condition in question the ‘fuel Perietration from the:wall-mounted
poppet fu ual AngectorS'may ‘have been negligi To xnvestiqate this pcss;bxlity, and_to
ssudy- €58 effefts of fuel distribution on combustion performance, a4 Seriés of paramatric
rodular model computations was carried out.
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In the modular approach, fuel injection is modeled using an empirical correlation for
penetration and a breakup time correlation. The latter correlation defines the downstrean
position at which the penetration is computed; from this point the fuel spray is assumed
to vaporize at a rate given by a bulk spray vaporization correlation. After injection,
the fuel is assumed to reside in an annular region at the position specified by the pene-
tration correlation, and gpreading of this annulus is computed using a turbulent mixing
model. For the conditions of interast in-the parametric study, vaporization occurs rap-
idly, so that the parameter to be varied was the fuel penetration height. Figure 12 shows
the predicted recirculation zone eguivalence ratio as a function of fuel penetration
height obtained from the parametric study. Of particular interest is the result for near-
zero penetration height, z/rc = 0. Under this condition, for a global eguivalence ratio
of unity, the predicted recirculation zone fuel/air ratioc is extremely fuel-rich, with
¢grz = 4.5. This high value of equivalence ratic produces a substantially cooler recircu-
lation region than would be obtained for conditions nearer stoichic etric, and this in
turn leads to reduced flame propagation rates and lower overall compustion efficiency in
the combustor. Evaluation of the effect of the rich fuel/air ratio in the recirculation
zone on overall performance is, however, complicated by difficulties that are encountered
in modeling chemical kinetics in very fuel-rich regions.
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Thera. 19 ‘no currently -available: Fin fa~rate chémical kinetics fwodel whzch car provide
adequate results for -Complex ‘hydrocarbon-fuels under fuel-rich. conditions, at iemperatu:es
at whzch the effects of azssociatzon manifest themseqves. The moaalar mcael-formula
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finite-rate model or the quasiglobal kinetics model. In the former case, the products of
combustion are the fully-reacted species Hp0 and COp, so that the effects of dissociation

gl?-[b are-ignored, and the overall reaction rate-is underpredicted. The quasiglobal model used
in the modular formulation is valid- for complex hydrocarbon fuels and includes the effects
oF dissociation, but is not appropriate for equivalence ratics much above stoichiometric.
Other models have. been proposed for fuel-rich conditions, zuch as the four-step model of
pryér and Glassman [2015” but "this model ignores dissociation effects. Thus it is diffi-
cult to obtain reliable estimdtes for the chemical kinetic rates that pertain in combus-
tors in which signxf;cant regions of the flou:;eld are highly fuel-rich. This difficulty
is reflected in the performance resuits shown in Figure 13. While the trend of combustion
efficiency as a function of frel penetration distance obtained through the use of the one-
step global kinetics model is as expected, the magnitude of the overall change is rela-
tively small and probably incorrect. The reason that the magnitude of these results can
be expected to be incorrect is that the global finite-rate model can be expected to sig-
nificantly overpredict the recirculation zone temperature for fuel-rich conditions, since
the oply effect of fuel-rich operation that this model recognizes is a dilution of the
products of combustion with excess fuel for ¢ >> 1. With this model, the reaction rate
iz linear with respect to fuel concentration, whereas evidence exists that for fuel-rich
conditions reaction rates do not continue to increase with fuel concentration, and, as
noted earlier, dissociation effacts are also ignored.
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Kevertheless these res ity indicate that for the o+ .-iups considered, low values
of fuel penetration distance are directly coupléd to re Lrolons in overall :ambustor por-
formance. Since further deva ﬂ:ment testing using o2 is:3cticn schemes des;gﬂed £o in-
crease fuel penetraticn resuived in significar* perfoir. uce improvements, it can be con~
sz§§§ed that the trends demonstra’e - h} this modelinc ¢Ifort save been experimentaily
verified.

5. CONCLUSIONS

The problems encountered in the uevEff.QPﬁent of advarced ramjet combustc:s, which in-
clude flame stabilization, £iame propagation, and spray combustion. phenomena, all involve
a strong coupling between fluid mechanice and chemical kinetics. Bgcause of this strong
coupling, analytical combustor models are required to sort out the various mechanizms that
contribute to overall pﬁrfermance~ The ability to compute, in some detail, combustion
chamber flowfields is necessary in order to understand the phenomena that occur in ewist~
ing comlustors and t5 estimate the perforgsute characteristics of new cocbustor concepis.

In response to the needs just ontlxneé, a detailed model -of the sudden-expansion
liqﬁ;d—Fueiea ramjet- combusto> has been-developed. This model makes use of the =odular
concept, in which the overall combustor -flowfield is broken down into a number oOf regions,
eagh of which is analyzed in detail using a technique suitable for tiie specific part of

the £flowfield, These analgtzca; ‘subelements; or modules, ars then couplad together itera-
tively, through their bouhdary- conditicns: The examplés given in this paper have shown
that this approach can yield good “agreeent with experimental data for a variety of con-
fzgﬁrations, -afid -that. the maaelﬂprov;aes a useful tool for the analysis and. ;ntergre:ation
3 ‘tx, sg-well as & technzque usaful fcr scaling -and fcr -para-
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e Betause ‘the:modular model depends -oii-the .existence of sufficient-experimental -data-
B to previde a means, of ‘éstablishing.the-Vdlues-of its adjustable parameters, it is not an
analytical method that can be relied upon in the total absence of experimental data. A29-1 7

However, it hasz:been -shown-by thesexampl “in- this paper that the experimental data re-
quired to adjust the coefficients in-the model:ng is-both-minimal-and easily obtained:
For the axisymmetric sadden—expans;on configuration wall static pressure distributions
provide-a suitable- comparisen. -Moreéover, .for the complex interactions involved in a zam<
burner-flowfield no;ciurréntly existifig-a tical model con be considered to be truly
predictive. For example, the accurate-prediction of .the. recirculation zone length in a
sudden-expansion configuration is a well=-known problem in the application of elliptic
soluticn techniques. In che modular approach, this length is specified as part of the
model definition, using empirical relstions that hsve been verified for a varicty of dif-
ferent configurations and flow conditions. The modular approach can also éasily incorpo-
rate considerably more detail than is feasible with current elliptic:solution technigues,
particularly with respect to-finite<rate chemical kinetics and heterogeneous transport

. processes. The method cutlined in-this paper thus provides a powerful technique for the
i analysis of ramburner combustion processes.
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DISCUSSION

L.Glasspoole
How long do your computer calculations take?

Author’s Keply

The computation time depends primarily on the complexity of the chemistry model used in the computation.
When a one-step global finite-rate model is used, a complete combustor computation requires 3~5 minutes on 3
CDC 7600 computer; this involves typically five iterations of the overall procedure, When the quasi-slobal detailed

kinetics model is used, typical computation times are of the order of 15 minutes on a CDC 7600.
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THE FATHEMATICAL MODELLING OF AIR-AUGMENTEQ ROCKET COMBUSTORS: A PROGRESS REPORT

J.C.P. Birchley - 30"%2
L.T. Glasspoole
A.S. Wilson .
Procuremsnt Executive, Ministry of Defencé
Piopellants, Explosivas and Rocket Motor Establishment
Westcott, Aylesbury, Buckingbamshire HP18 ONZ

The theoretical hases for the calculation of axisymmetric and thrée-dimensional ducted flows ars set
out and suitable solution procedures are outlined. Progress is illustrated by presentation of resuits
from exampies of axisymmetric ducted flow calculations and directions for future work are indicated.

Nomenclature

a (} = -4, =3, ..., &} coefficients of polynomial defining specific heat of i'th species.

a§, §§, a:§ Constants in wall buundary condition for 2 .

aj Constant factar in expression for forward rate coefficient - equation 17.

t;,, Speciflic heat of i'ih species,

oy Empirical constant relating effective eddy viscosity to turbulent kinetic
energy and its dissipation rate ~ equation 10.

f:i, Cz Empirical constants in transport equation for eddy energy dissipation rate -
equation 12.

diag. Lfoefficient ip equation 31 relating corrections for velocity and pressure.

E} Activation energy for forward rate coefficient of j'th reacrion - squation 17,

F; Hass fraction of i'th species.

G, € Gibb*s free erergy of I'th species and for mixture.

éﬁj Gibbis free energy change per unit of 'th rescrion.

is;, h Thermal component of enthalpy of i'th species, and of mixture.

#H Tozal enthalpy.

k Turbulent kinetic energy é{s‘z £ vl ﬁ‘z} whers u', v', w' are the
fluctuating cosponents of velocity.

kﬁ., ibi forward and backward reaction rate coefficlents for j'th reaction.

Kgs Equilibrium coefficient for j'th reaction.

L Length of parallel part of cosbustor.

. Temperature exponent in éxpression for rate coefficient of }Pth reaction -

4 egquation 21,

E ] Holecular weight of mixture.

H Molecular weight of i'th species.

= Chexical species 1§ .

] Conversion factor for chemical reaction rate {= 6.823 x iﬁzéh

HR . Nuher of resttions.

w5 Huzber of chexical species.

81, N2, &3 fusbsr of grid points In {%,r,8} directidns, fespéitively.
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54 8 Entropy of i'th species, and of mixture.

3 Source term for solution variable & .
T Temperature.

u Axial component of velocity.

v Radial component of velocity.

W Transverse component of velocity-

Rate of mass production of i'th species.
x Axial coordinate.

Number of molecules of species i taking part in one unit of the j'th
reaction, as reactants and products, respectively.

&x, &r, 56 increment in grid coordinates x, r, 8.
[ Turbulent energy dissipation rate.

€ Transverse coordinate.

¥ Effective eddy viscosity.

#3ss density.

Turbulent exchange coefficients for enthalpy, turbulent kinelic emergy,

[ - S - R -
H* k> m* € % . . . . s
) species, turbulent energy dissipation rate, and ¢ , respectively.

[ General flow property.

-] Effective viscous dissipation rate.

P VYalue at inlet port or prisary nozzle exit.

Superscripts

{c} Value at centreline.

% Approximate value of flow variable {p, p, v, v, w) before correcting for

overall mass continuity.

INTRODUCTION

The successful design of an air-augmented rocket vehicle encompasses a nusher of conplex probless.

The one which is addressed here is that of assessing the performance of the secondary cosbustion chasber.
The é-fssgt and realistic testing of such a unit may be expected to be a difficult, time-coasuming and
expensive exercise, involving as it does the provision of flight test or flight simulation facilities.
Such a programme of work was considerably beyond the limit of current funding. Instead a sodest theo~
retical investigation was initiated, zi=ed at gaining insight into the problems of cosbustor ignition and
per=itting trends in combustor behaviour to be established. It was decided that the investigation would
proceed on two fromts. Firstly, use was to be made of existing expertise and techniques to develop a2
cosputer code to calculate axisymmetric, non-recirculatory, ducted flow. This cosputer code was to b€ an
extension of the capabilities of existing free-flow computation techniguss, the hope being zhat signifizant
progress could be attained for a comparatively s=all expenditure of effort. Secondly, ond with a longer
time-scale, work was to be initiated on a corputer code designed to calculate thres-dizensional ducted
flow, with due sliowance for flow asyseetry and recirculation. The iatter esphasis is necessary to enable
the effects of, e.g. flight angle-of-attack and inict o 1y to be L d for. This paper reports
progress on these topics.

KUMERICAL MODELLING OF FLOWS

in carrying out a mainly theoretical study of flows with cozbustion the overail flow behaviour may be
ascertained by exasining the behaviour of such features as the values of velocity, pressure, tesperature
and chesical cofposition at points throughout the flow. In addition the way in which the {steady state]
flow gevelops as it passes through the flow region is influsnced by G.e processes of aixing, so that the
turbulent characteristics of the flow =ust also be considered. The behaviour of properties such as these
may be described by a set of simultanedus partial gifferential equations, together with adéitions] rela-
tions for the state variables. Further expressions for the rates of production of various guantities are
required, for exssple the production of cherical species =3y be detersingd fro= the law of =285 action
spplisd to 3 suitably chosen chemical scheme, utilizing appropriate :i}ergx}ymm #nd reaction rate data.
Formulation of thé flow behavicur in this way pirgtts the probles to 52 cast into & tractable sathesatizal
fora. Transforsstion of the Jifferential equations into firite d:ffem foros =akes it possible to
agm;sate the feiatsonsm;s petween the. commmﬁs!y varying Flow pr =rties by discrote values definsd
at & finite nusber of points within the flow Vhen £xpressed in. this way the probles is ideally
suited to efficiént solution by digitial cosgut a‘:d details of how this approach has been followed for
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o axisysmetric and three-dizensional fiows are given below. Oaly after cospletion of this process =ay 3&’3
g ) practically interesting quantities {e.g. thrust} be derived.
£ AXISYMMETRIC FLOW
i
§ A sisple geometry was assumed for the axisymmetric flow swudy (Fig. 1}, The air strea= was assuved
{ i 1o be paraliel and uniforz at the duct inlet, while the primary nozzle wall was assumed to tager to
: infinitesiz=al thickness at its lip, thus avoiding problems of both flow asysmetry aad recirculazion, Wall
boundary layers upstres= of the duct inlet piaﬁé were negiected. The fiow was permiziad 1o be subsonic/
s subsonic (outer/inner streass, resp ,.:wely}, s ic/supersoalc or supersonic/spersenis, but the
3 problens of Calculating choked subsonic flow were esseqtcai;y deferred by liniting consideration o a2
. parallel=sided duct for this iditial szage of the investigation.
Eoverning equations
: The equatsons governing the Figw include those of conservation of axial mosentus, energy and chemical
species, written in fa=iliar boundary layer fors,
{a) conservation of axial mozentus,
- o,
3% 8} <
v -1 : (2}
{¢) conszrvation of chesical spscies,
355 EF!
pug— v~ = L {3}
Here x , r are the axial and radial co-ordinates. respectively, u and v are 2zial and radiz? cospo-
’:@zs, respectively, of the velocity, = is the é’zssty. £ the pressure, H the total enthalpy and
F: , @ are, rzs;ec::vel-g, the mass Fraction and rate of ferg*se.- of the i*th chexical species. in
addition oy is the turbulent exchange coeffi ratio for . urbuient erxchanse
coeffigient ratic of mass for specxf-s H 3 while ¢ is the T eddy vissosity, & is the
kinetic energy of turbulence {= 3{u'? + v'%) where @' , v* are turbulest fluctustions of the velocity
cosponents) and oy the turbulent exchange ceef?iaié';t rstin for k . Tha last
right of equstion {2) represent differential turbslen: diffusion with respset 20 to
species, mean fiow kinetic esergy and terbulent Ximetic energy. respectively. In this work it was sssumed :
that the turbuisnt exd*.a::ege coefficient for cass {turbylent Schsidt nusber] had the sa== valus for sach H
chesical species and that this was the sa=e 35 iae ga;ue of the turbulent sxchange ooe - -
{zurbulent Prandsl msder), i.e. that the turbulent Lewis mi=Ser was umizy.
Radial pressure veriations in the fiow field s=re stcommodated by way of an epprosisate fors of he
3 radial momentu= equation,
= . - ¥
= "f?' F (%}
ar
and consideration of local continuity, as ed In Ref. 1, together with 3 global continuity sistesmne, .
= constanr , {5}
1 . !
where r, is the duct radius. B 2
The tesperature, 1 , and the total zuation
5} i
. . : 1
where B {= 8{7} § s the =izture eathalsy per unit =ass, gives by
’ - where R is the miversal ofE cofstant snd N the Ssan soletular wighe. £ defingd &y the reiaiicn
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whare 4, is the ooiecular weight of the §'th chesical species.

Turbulent flow sodelling

Closure of the flow equations {1-3] 1s achieved by writing the turbulent eddy vistosity coefficien:,

s , as a furction of the turbulent kinetic energy, % , and the eddy energy dissipstion rats, z , in
the form
s -1 .
#oe ek g (19}

where ., is an espirical conszani. The description
by way of meoc additional transpor: eguations for

in equation 1Z =_ is the turbelent exchange coeffig
cal constants. Zguations 10-1Z comprise one of seve
{see, e.g. R=f. I}, this version being chosen sincs

Therrodyna=ics and chenical réaciisns

The therscdymasic properties of the flow ore Saiguised &y
the tonstiteent chesical species a=d svaluating =an fiow
corposition. For sach che=ical sgsgiss the thersodysssic g

oy W

§ib5s free energy §; are giwn &y

B, = = h AT} {33
3; = = s; {?:} =
5 = B - k 3; . {15

whiErs the 58
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The net reacticn rate for the j'th reaction is given by the law of =ass acticn as 3?}5‘

e | -

3 Ej { ¥ } £}
: k.. n —
ij - ¥ Bi i {’E i

- and the rate of production of the i'th species is
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In equation (15} the reacticn rate R, is given in keolg = s77 1f the rati_ccefficients ey 5 B
are in the al-rolecule-secoad wnits, Sensity i5 in kg =3 and N = 6,523 = 1339, The fonarg rize °
coefficients ooy be writtes in Arrhenigs for=:

ke = a.z-*ex;s{ .J:} . 213
*
= ang the aguilibrize relagion
- zx33
g; isg.fz:i » €373

per=its the backusrd rate coefficient to be evalted.
Boundary eoaditicss

Tae-flow Eossdary conditione are readily specifiad 31 the 403 axis oherE, efias of S ssimes
sywwtry of the flow, it is sufficiest to essuve that

AR A
wEEfr £ fEprosenis o=y progerty of the Flow. At the fozr wll R ": of e coopoms of weiosizy

wErE 8T :ﬁg-s,;sm:éeﬁ‘asef k & £ . ‘zeaéﬁse:f
valoes of the torislen: eddy yissosity coefficient in fia zear—wall rg,a e a**rgas 7 e prese
H Zores of Refs 3 =8 &, while for meperatee A= smilsipy s g ==
sptiss of sﬂa‘axs:g eitmer afiztatic or constant heat fiux comfizicss?. =

w2l was 3lsc contisered 6 bv sa-riyoss a=d oEe=iCaliy imactive.
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The second exazple is azain a wholly supersonic flow, but of a Dore representative scale and with a
realistic primary flow composition. The outer flow is assumed 1o be an undiffused Mach & airstreas.
Derails of the input concitions are given in Table &§: turbulence sodel constants are agein as listed in
Takle 3. Two calculations were made with this flow geomerry, with and without chesical reaction, to
illuszrate the effect of cocbustion of the flow. The reaction mechanisa used for the reacting case is
shown in Table 5, values of the rate coefficients being taken from Ref. 7 (thermodynasic dsta in all cases
considered here were derived from-the JANAF Therpochesicsl Tables, Ref. 8.). Thne resuits of these cajcu-

lations.@re shown as isometric diagrass of pressure {Figs 5 and B for the reacting and inert flows
respectively}-and tecperature {Figs & and 8). The shock pattern apporent in the pressure diagrass is
illustrated schesatically in plan form in Fig. 7. Cooparison of the tesperatyre Fields, with ang without
reaction;-shows that ignition of the flow In this case occurs dosnsirean of the intersection of the outer
shock after reflection from the duct wall.

CONCLUDIKG REMARKS

fonsiderable progress has been =ade 1owards the capability to calculate ducted rocker flows, as the
fllustrative exacples testify, Howsver, this success is as yer lizited to flows with axis? syometry,
which do not endergo choking, and, soreover, has not been achieved without Jifficuley. Early stages in
the investigation were marked by probless of stability of the calculation procedure, assoclated particu-
larly with the prediction of pressure. These difficultiss have 50t been entirely eradicated and further
investigation will be necessary. Fiows which undergo choking, gither physically or because of thermal
effects, present a special proble= for the axisyrvetric flow program. The oarching inzrgrazion technique
is intrissically unsuited 10 the #nalvsis of such fiows, In shich conditions at a downsireas station
control the wstrean flow, unless so=e fors of iterative adjustesrt of, 2.g., the initial =ass flow can be

carried our {as is dont for example In nozzie flow czlculations, see Ref. 5). This aspect of the prodle=
will require further work.

A5 far as the three-dicensional analysis Is concerned, a =ajor factor likeily to influsnce the effect-
iveness of such 2 treatoent applied 1o the sccondary bustion chazber flow is the cosputational effort
required. Since the treatoent is not onily over 2 threse-dizensions! field but 3lso fierative by nature {(to
account for flow recirculation for exa=ple} not only will the required cosputer storzge & large, the zmany
grid points involved also isply 2 larger nu=ber of individus! cosputations per iteration, resulting in a
cosputing task of considerable =agnitude. Exphasis has to date been aioed 2t assesbling & technique which
provides physically realistic answers: fuluyre work will nead fo concentrate on cosputing efficiency while
=aintaining physical realiss If this approach is to be practically useful,

Finzily, both the axisymmetric &nd the three~disensicnal
irput of data from real devices. If this type of approach is
Or assesszent context it will nesd 1o be carefully tested and
before izz reliability can be sssumed,

treatmants are theoretical, with lisited
e be of practical use in sither 3 design
proven against suitably designed experizents
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ThLE 2
Input conditions for example 1

Primary nozzle

Radius, m 1.0 x 1073
Velocity, ms™! 5012
Pressure, Nm 2 5.066 x 10°
Temperature, K 1160

Chemical species concentrations {mole fraction)

Nz 0.0
"2 1.0
coz 0.0
HZO 0.0
02 0.0
JABLE 3
Turbulence modal constants
=i zhce mogsi constants
CD 0.09 Y 1.0
C' 1.62 . 1.0
Cz 1.92 % 1.0
LA 1.3
TABLE 4
Input conditions for example 2
Primary nozzle
Radius, m 0.01
Velocity, ms™! 2500
Pressure, Nm 2 5.066 x 10°
Temperature, K 1500

Chemical species concentrations (mole fraction)

N, 0.1083
Hy 0.1904
€0 v. 4385
€0, £.0893
Hy0 0.1734
0, 1.322 x 1072
H 1.013 x 107%

OH
0
Ho,

1.01h = 1977

5.710 x 10”1

1.000 x 1079

Air stream
L stream

3.76 x 1073
2548
2.533 x 10°
1500

0.7856

0.0

3.27 x 1074
6.95 x 1073
0.2071

Air strean

0.0376
1400
1.013 x 105
300

[

o

0.7856

0.0

0.0

3.27 x 1074
6.95 x 1073
0.207%

0.0
0.0
0.0
0.0
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Chemical reaction scheme

Reaction
—

0+0+H-02+M
O+H+M=0H+XM
H+H*H-HZ+H
H+0H+H=H20+H
CO+0+M=C02+H
0H+R2-820+H
0+HZ=OH+H
u+02-011+0
CO+OB=(',024-H
OHfOR=HZG+O
Cc+02-coz+0
R+02+H=302+H
H+HOZ-OR+0H
H*Hoz-ﬁz-i-oz
Hz+u02=!120+0ﬂ
OO+802-G(:2+08
0+H02=Dﬂ+32

03'#802-021‘320

Forward rate coefficient?

3 % 16°% expgo0/zy -

1x m—-‘zs 1

3x 10730 71

1 x 10725 12

7 % 10733 exp(=2200/T)

1.9 x 107 713 oy rgaayny
3 % 1071 1 axp(-4480/7)
2.4 % 10672 exp-g250/7)
2.8 x 10717 713 (0 a30/m
1% 107 exp(-ss0/my

4.2 x 1012 exp(-26000/1)
2 x 10732 ¢y (s00/m)

4 x 10720 ey -950/1)

& % 1071 aup-asoyr,

1% 10712 o (-s400/my

2.5 % 10710 exp(-11900,7)

8 x 1071 exp(=s00/m)

5 x 10712

(8) rate coefficients in mlecule-nmi-second units

Copyﬁght@{.ontro”er HHSO, London, 1981
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Fig.5 Isometric diagrams

of example case pressure field
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Fig. 8 Isometric diagrams of pressure fi&iﬁ-— example case
without chemical reacfions
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CEMBUSTOR ¥ODELLING STUDIES FOR RaNMS

F. oy, A.F. Schiader acd j. Gégers
ri=esr of Mechanleal Esgizezrisg
Eniversite Laval

#aebec, CANADA, GIX 773

ABSTZACY

Esing presixed propané-zir withkic a baffle-srabiiiséd, cerazic-iined cosbustor,
detafled seasurezests were made of the zas composition 3r several stazions downstreaz of
the reciveelazion zome. The Test rip was operated ar at=ospheric conditions over a2 racgs
of eguivalence Tziies froz £ = 5,70 ro 1,82Z. The tést zesuiis vere thes aaalyseé and 2
sinple three-eguazioz =sdel was Zzveloped to describs The compositicn and temperaturs
profijes.

Forther tests wers thes zade o verify the model, so=e 27 vhich were with stesn Izfec—

tion, The modsl wvas fouxd 1o be satisfactory for 211 comditicons examined. :
ROMESCLATERE
A Collisfen fregueney Zazetor {Liasi)™ /s T Te=zpecature 4
f238e, ICO;, % Diszazce froz primary baffle o
£20, I8, Holst fractiocs any poist downstiress =
¥0 = Parzizl order of resction
e = av E
a/dz Tize dazivaz £ Partial order of reaction -
E irazriss &% 174 = _
= Actisatios sFaergy callg zol $ Equivaléncs ratic
-1 Order 2f reaciiss
P Pressure ars Esbscripts
EER> u . = - =4
z Taiverszl gas conszant 1 Em=fers tc reactiss rate 32602872
for use withk 2 Zefers te reaction rate afce;far
PIET B + £,082068 stz l/{w1 R) fers tn remeed . ‘e
-E/ET E = 1,986 ytzsl B) 3 fefers to reactiss Tale d£H0/4s -

1. IXTESDLDCTIOE

Is izs Lroadest sesse 2 ra=—iet cozbustor may be 1iE zz wocooled version =f =
gas turbine pri=ary zesme gperatiag at 2 sozawhat higher ¥ Thus iz vould seem pos-—
sf:le that & ss=itable kydracaries cosbustion m—odel develsped for the one, would be appli-
czble to the other.

This present work descriles szch a model. In order o =izisise sixing effects, 2
prenixed, prevaporised srepsme-zir zystec vwas used and the analiysis was restricted ro poimes
downstreas of the cozbuster reciveszlation zone. To =inizise hest losses, the eniire co=-
bustor wEs cerz=ic lissd asnd ?%e :ggircalatiea zone was defined by the 2pace Letwedn 3
prisary baffie {50% SLiccksge} asd = dewnstiream secondary kaffle {25F blocksge).

The use of 3 Baffied
zion alr resezmbies, in gessr
sight be 2313 o be regresss

reeirculation zone and the absezce of otk fils cooling and dils-

2%, the characler of 2 ra=-jez. o= the other hznd, the systes
tative of ar i{gclared pri==ry zese of 3 gas-turbine combosiax.

%

Because of itz pre-z=ixed nature it =3y not be cave sxble Ic pres that the systez
25 rveacrfon rate contrellsd — = faer to 2 large degres sghszasriated by the uniformity of
Zas analysiz noted iz ths schseguest experizents. Both femperature and species measurepents
ware dcrived fros zas gnslyses carried oot 3t 3 seriss of plases downstreasn fros the coxbus-
tor. Thest¢ values were thés used to dJerive the sizple cozbustion mode] which vas later
subgrantiated by sdditionzl tests, both with and withos:t, stess Isjeetiosn.

2__IESY RIC AND INSYEUNEETATION

Tae test rig is very similar to that described in d2tail In 1l* sad [2]. A wcheaatic
is given in Pig. I. Saparately =etered air and fuel are presixed upstreas of the inles
®affle zo the conbuster. The fuel inlector was 3 simple cyliindrical distribolor, 0,75 =
gpstreas of the combustor bafflie, firted with injectidn hoies morsal to the alr streas

{32 holes of 1.3 == ster}. At =211 sondizions grear cate was taken to énsure that the
propane wvas injecied is the gaseous phase thereby obviatiog the cesd for any evaporation
tizs.

Io asceriain the
sizilarity £ §:¢§iﬁe}
&ived by sazpling at 8
zy b3ifls. These res
the 3233 vzlae‘

&f pre-zix, carbon dioxide

{sela kecaoye of it densiT;

siected Inte the Fir stiréza and the =ixc
o : -3
£

are stréngth was deter~
the plane of che priza-
rox move than 232,73 fres

¢ peints {30} 3t the coabzst
§§€iz;tté that mo single vzizge

& Yexbers Iz [} afe 133362 I the table of References.
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. TEST RIG

cooling water haffle :
samplin oris
P P / thermocoupies veniur: :

. :':“j ./'./ \\

= J ~—air
i
tuel i
70 i
fepgth={m}
~section "azA" FiG.1

The combustor itself was a 90° sector of an anoular chamber {hydraulic dia=. = £,127 =}
being rotally lined with ceramic and having a recirculation zone scabilised with both a §rii
=ary and secondary baffle. Dounstress of the recirculatioz zone was another refr ae:éf
lined sector contaioing the saspling ports which were situated at distances of 129 ==
163 ==, 214 ==, 262 == snd 379 &= frow the prizary baffle. Air velociries wers seiéc:£§ s&
32 to give vesidence tizes commensurate with those which obtain within ras-jet and gas-
tarbine combustors (f.e. 2~-8 m=s).

The experizents coveresd the following raange of inlet variables -

?3 inler tepperature: amblent {recovded} 8 equivalence ratic 9,6%7 - 1,32
?3 inlet pressore: anblent (recorded) T 'cold® residence tize 18-3g ==
éa air =ass flous: 9,18 - 0,30 kgis T, "het" residence tize 5,35-8,39 =
éf fuel =ass flow 0,01 - 0,02 kgis L ‘cold" gas velocities 12,6-21 =is

The cold residence tizmes were calcslated 3t inlet condizioas based upon the diameter
and sean velocity withis the recirculation zone. Hot residesce tizes were based upozn ths
mean velocities obtained sz the inlet and any of the varioms planes of =easurezent.

Cas analyses were withdrawa fros one or otiegr of the five planes =mertiozed above.
Three sausplers were used in 3oy one plane and esch sampler was fitted with 3 sanpling ports.
All the sazples vare combined prior to ansiysis to give a représentative =ean azalysis for
sny givea plane. The occasionzl indepeéendent check substantiated the validity of this tech-
aique. The sacplers were water cooled, {the curler tezpersture from the sampler was sziil
sufficiently high to prevent water condensation, Toutlet = 108%C) 2nd the line fro= the sz=-
plers wag stesm-traced up to the eatry to the gas analysis appsctatss. This laster was a
donble instrusent, prepared for rapid gas chrozatogriphy. Deterzipaiions vere =ade of
C3Bz{FID), €Oy, S0, Hy, Oz & Ha. As 3 cHzck on the accuracy of the sasple, rouparison was
=ade of the derived value of gquivalence ratic and tlat based on the air and fuel mezerisg.
The mazizos differsénce between the tvo values for any test was 3% which Is well within the
#dY=ally accepted value of 25,02,

i

Heas lcgzez froz the 3ystes vere 3ssessed by =easuremest of the tespevsiure ¢f the )
outer setal liner supportizg the cera=ic. Ia ne casc did the heat loss execed 8.62X. This
was coasidered to be sufficizntly low so as pet to merit €arraction.

K0y measurezents are not included. The fev neagureazents which vere made shoved thes o
B iﬁ satstaa:i;l zgreesent vith the e=pirical predictions of Lipferr {31 snd Eretscheer =t -
~s {31 §§: was 8t*1§er=:ezy pet considared for the model since {3} the Intenrios was I -
keep the ‘conbustion' 25 sizple as poseible and (b} prrndicticas using the ezpirfical zsch- oo
nigues of [3] and [4] appear to be guite satisfactory for %Oy derermisazisa 2t the exhgust.

3. DESCRIFTICE OF THE MODEL

1he preseat trend in Zodellisg hydrscarboa combustion is fo use 2 5§1t;-2iﬁ§tic scheme
fzovelving aa:g.ﬁus zeactions. Hevever, such scheses nsnally sssome tha: the Sirst phase of
¥§g cazbai §gz presess is the breakdown of the hydrocarbon inrs zarbon sopdé<ide and Byfre-
gen, or ai.a':itivéiy, to carbon wmonoxide aad water. The fifst stage {i.e. hydrocarhes
sxeakaavn} is zesu=zd to Se either iafinitely fast az«§e§eaé£n¥ apen an e=pivricsl {azpefizzz-
txlly} detérained vate step sssuzing a siugle zeactisn {an zssumption which is zoraily ac
varigace with theory and justifted only be expedience}. EHaving attzioed the #nd of thiz

i
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first stage, a multi~step reaction is assumed for the combustion of the carbon monoxide and,
if necessary, hydrogen. Equationsz are generally included to enable the formation of NOx to
bae calculated. Typical--examplas are given in [5-te 12]. _A possible exception to the
assunption of the hydrocarbon breakdown mechanisw is methane which could be treated as a
multi-reaction scheme nvolving the initial breakﬂown. An alternative to the above complex
modelling is the sicplé, :convaniént, one-step reaction mechanism (so-called global reaction)
as portrayed by several workexs [13 to 16]. One justifiable objection to this simple ap-

proach is that ‘it does not enable the- polLutantg to be separately assessed (i.e. CO and
UBHC).

The prefernt model represents a compromise between these two types.
repragsented as 1 three step mechaniszm using propane as fuel -

The reaction is

C3Hg + 1,5 05 —— 3004 4 H; (1)
3 €0+ 1,5 05 —_— 3 co, (2)
4 Hy + 2 0y — 4 Ha0 (&3]
C3Bg + 5 0y —_— 3 €O, + 4 HaO (1)+(2)+(3)

This mechanism includes a limited oxidation rate of the fuel, since it is active
throughout the flame, and is represented by the following three rate equaticns:

~dfC3Hg/dt = AJ(P/RT)M1~1, £CaHgR1~01, £0,%1 e~E1/RT %)
fcong-(uzi‘éz) E-EZIRT

4£COz/dr = Ap(B/RT)®27Y | .+ £1,052

o~Ea/RT

- iOguz (5)
(6)

The second equation was proposed by Hottel [17; to describe his results for a stirred
reactor.

dEH20/dc = A3B/RT)IP3™Y | H,pR3793 | £0,%3

The results from the present series of axperiments vwere employed to determine values of
the varilous constants for Egqus. (4) to (6). If the three equatlons are valid, then at any
plane within the combustuvr, it should be possible to specify the amounts of C3Hg, €02, CO,
Hay, Oz, H20, and Njy.

In order to derive the values of the various paramsters, test results were selected
that had a common equivalence 1atic (#) within a narrow margin of fluctuation., Four groups
of these results have been formed on the lean side and three on the rich, with the Jollowing
nean §# values (Table I). The results ir thése groups are mean vulues for a range of tests in
which § varied very slightly (20,01).

Table I

Mean ¢ Values of Experimenta. Results
which Were Used for Mol.i

To facilitate the computation of the para-
meters, the gas constituents appearing in the
three rate equations have been expressed gs func-
ticns of temperature by a best-fit equation for

p <1 g.> 1 each @ of table I. The same method wes algo used
0, 701 1,09 to represent the experimental values of the rates
0'855 1’21 but adding ons more step of calculativn. For
0'916 1’32 exemple, the -ate of COy, i.e, dfCOz/.t, is ob~
0’987 ! tained by forming the derivative dfC0,/dT from

! the equation representing CO vs. T, and then

multiplying it with the derivative dT/t obtained

from the equation representing T vs. 1. This gives then the following rates:

dfC0,/d7 = dfcop/dT dT/4dt (7
dfC3Hg/dt = dfS3Hg/dT dT/dx (8)
dfH,0/dt = dEfH,Q/dT  d7/dt 9

The derivative dT/d4t is common te all thraz of 3 .ove equations. ’Tnus the rates,
molar fractions, temperature and pressure in equati }, {5) and (6) were known from the
experimental results. The values of the parameters .ese equations were then obtained
by isolating one parameter on the lazft side of cne o. tnese equations, and taking for the
remaining parameters on the other side, values given in the -literature for the firse trial
{17 to 20]. Thege are given in TFable IX. Then, the isdluted paraneter with its calculated
value vas shifted to the right side of the equation and another parameter was transferred to
the left, This cyclic procedure was repeated for all parameters until the rates expressed
by the equations (4), (5) and (6) matched the values derived from the experimental results.

Since the variables {rate, molsar fractions, pressure and temperature in equations (4),
(5) and (6) covared a wide range of flame temperatuve snd §, it was possible to demcnstrate
by the above calculations that the parameters A and E, are functions of T only whereas the
parameters n,¢ and ¢ depend upon T and to 3 somewhat lesser degree upon $. The hypothesis
of variadle orders of reactlons and variable aetivaction energy E was put forward and discuss-
2d by Levy and Weinberg [21]. This, however, is not considered in tha global reaction
nachanism where a slow rate-deternining step is assumed to Jominate the meohanisn [22). The
results obteined here. zonfirmed this hypothesis, “and polynonial functions of T and to &
lesgef degree of # have beén used to represent the parawmeters (A, n, a, ¢, B) in equations
(4), (5) and (6). For the pa:nnetéta the following expressions were obtained.
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- Table II
3'*‘% Data taken from Literature and Used to Asses the Values of
the Parameters Used in the Solution of Bqns. (4), (5) & (6).
- Parameter Values
Souree A (L/wol)v=l/s | o E (cal/mol)

Hottel et al 717} £1C0, 2,9 x 10¢ 1,75 -15,000

Avsrey et al {19] £1C Hg 5,4 x 1012 2,0 -21,000

Kretschmer et al [20] £'C3Hg Variable as Weak 29 Variable as function

function of 2 of
Rich ]

Lean side: # £ 1

A
Ey
ny

L3

Az
Ez
ns
G2

€2

Az
Ez
a3

ag

= exp [9,80282 + Q0177138 T - 2,46812 x 1075 T2 + 1,46127 x 1078 T2 ~2,82414 x 10712 1]
= 2,29232 x 10" - 43,8464 T + 00263129 T2

= 2,49825 =0,210153 3 - 6,07512 x 10~% T

= 0431636 + 4,38222 x 105 1

= exp [12,82 - 6,4667 x 10=% T + 2,2667 x 10~5 T2}

= 1,2358 x 10% - 10,59 T + 9,2262 x 10-3 12

= 07962 +0,05558 P + 5,374 x 10™% T - 3,949 x 10~% 72
= -0,2387 + Q9157 # = 4,415 x 10~ T + 1,858 x 10-7 12
= -04133 - y4789 @ + 2,004 x 10-% T ~ 7,813 x 10-7 T2

= exp[-14,7894 + 6,11699 x 1072 T ~ 5,20148 x 10~5T2 + 2,40499 x 10-573 - 4,25903 x 1012 1%}
= 1,62708 x 10% - 21,8015 T + 1,34966 x 10™2 T2 + 2,22496 x 10-7 13

= «0,120686 + 0,0413256 & + 1,79418 x 10~3 T -~ 4,00207 x 10~7 72

= 1,24458 - 00475454 & - 1,0372 x 10-3 T + 3,67014 x 107 1%

Ay
Ey
o

a3

Az
E;
ny

£2

sets of equartions dre required to cover the range of reaction conditions investigated
(Table I), - one set for the ‘lean side, i.e. ¥ £ 1 and ome set for the rick sidé, ile:
3 > I. This has algo been reported by other workers [20]. ) .

= exp [23,2993 - 0p208873 T + 1,51196 x 105 T2 - 2,29646 x 107% T3]

= 5,321 x 10% - 99,2928 T + 00772317 T2 - 1,64845 x 10-5 T2

= 0,262345 + 0686424 P + 9,67385 x 10”% T - 2,83092 x 10-% § T

= -6,26856 + 3,21021 # + 9,52742 x 10~3 T - 4,80779 x 16~3 # T + 7,09639 x 10-2 g2
- 2,08734 x 10-% T2 + 6,72829 x 10-7 §° 12

= exp [24,615 - GO139356 T + 1,01772 x 105 T2 - 1,49559 x 10-% 73}
= 1,43248 x 10% - 14,9636 T +° 142349 T2 + 9,57874 x 10-7 T3

= 1,8463 - 0,464621 ¢ + 0327879 #2 - QOO0561141 T + 1,34725 x 10-7 T2 + 4,86453 x 10749 T
-6,16589 x 10-8 g2 12

= 7,904 - 14,8385 & + 7,56984 P2 +0,0047155 T - 6,03403 x 10~7 T2 - 000476403 8 T
+ 7,02f45 x 10=7 82 72

=-34,5125 + 45,7687 # - 13,449 #2 + 00210546 T - 3,36879 x 10-% T2 -00179327 ¢ T
+ 2,3543 x 10-5 g2 712

3 = exp [37,9777 - OD494814 T + 3,47914 x 10-5 T2 - 7,04779 x 10-9% T3]

= 5,05266 x 10% - 91,892 T +0,071018 T2 ~ 1,48654 x 1y=5 T3

= 00435549 + 0405397 # + 4,12306 x 10~% T + 1,96253 x 10~% ¢ T

= 5,05741 - 7,74854 $ - 3,69989 x 103 T + 5,2833 x 103 § T + 1,85779 8%
+ 5,5344 x 107 T2 ~ 8,77687 x 10-7 2 12

‘By dnalysing the foregoing expressions obtained for the parametears, one sees that two
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The parameters (4, n, @, ¢, E) have the following numarical values for tne given

-
values of # and T. 3-S
Table 111
Variation of the parameters with # and T
T 5 3 1.8 . iégo 75
J13 1200 1600 2000 1200 1600 2000 1200 1 00 i
Ay 3x10%}12,1x10%] 81,9x10€ 3x166 | 17, 1x106] 81,9x10% | 4,16x10% | 21.4x10%] 1,83x10%9
Ey 8138 20130 40482 8198 20130 40482 15600 24500 31700
ny 1,60 1,36 1,12 1,58 1,32 1,07 1,31 1,57 1,82
%1 0,48 0,50 0,52 0,48 0,50 0,52 0,57 0,82 0,71
a3 11
A3 | 4,45x10%]43,5x10%] 8,78x10® [4,45x100 | 43,5x10%] 8,78x10% | 4,68x10% | 4,58x107) 1,17x10
Ez | 12900 19000 28100 12900 12000 28100 18522 30748 49000
ny 1,43 1,6 1,76 1,44 1,61 1,77 1,85 1,91 1,99
ay 0,23 0,26 0,35 0,41 0,45 0,54 0,38 0,46 0,63
€ 0,48 0,41 0,09 0,39 0,31 -0,01 0,52 0,35 0,20
Az | 13.8x109]8,17x208] 2,05x1019]13,8x106 | 8,17x208] 2,05x1010| 14,96x10¢ 17,96x107] 2,93x10%
B3 9929 16850 28430 9929 16850 28430 16835 24417 31891
n3 1,49 1,85 1.9 1,46 1,73 1,87 1,31 1,57 1,83
ag 8,49 0,49 0,60 0,48 0,48 0,59 0,58 0,86 0,87

Inspection of the numerical results in Table 11X confirms the previous statement that
the paramaters n, a and « depend for the most part or T and to a lesser degree on B. The
values given in Table IIl seen to be within the range of thosc found by other workers [17,
20, 21). However, the value of ¢z seems to be too small at high temperature. The order
o reaction n; shows a decrease as T increases, which is contrary to what one might expect.
The valuen of n are derived from experimental results, and no physical explanation for this
phenonsnon can be Ziven at this time. In fact, all the values of the parsmeters were de-
rived from best-fit equations, and must be considered more as workismg tools rather than
beilng necessarily representative ¢f the rocal phenomana. However, the strong influence of
cemperature in these parameters hgs certainly a fundamental explauation which may be close
to that given by Levy and Weinberg {21]. They postulated that global methanisms are valid
only at temperatnres close to the maximuw heat release raies and above. At lower tempera-
tureg it 13 almost ceirtain that Uadicals assume an imporianrt roe. The values noted for
the experimentaliy detarmined parameters probably reflect this latter influence.

To determine the composition and temperasure profiles with thz proposed model, a numer-
icai (simultaneous) integration of Eqns. (4, 5 & 6) is required. Thiz integration was
rather complex and the convergence problems were dealt with by the law of propagation of
errors [23]. For most experiments, the observed temperatures were over 1000 K and for this
resson no attempt was made to develop the model below this temperature., Therefore, it was
assumed that between the inlet and the position marking 1000 K (as predicted by the model)
the temperature rise would be linear. The final atep of the integration procedure was dater~

mined by the position at which the COz concentration corresponded to the theoretical,
adiabatic, dissociated flame temperature. This latter value was computed usipng the data
given in [24].

Altogethsr 10 steps of integration were used to cover the raage oi CO; obrained for a
particular condition. The program for the integration of the rate equations consisted of
calculating the residence tira, the distance, the flame teaperature by enthalpy balance, and
the composition (COz, CO, Hp, Uz, N, H30, Ar, CaHy) for a given inureage of COp; up to its

maxinum value. The rate squatiors gave the values of COz, Hy0 and C3Hs; the rezaining com-
ponents being defined by mass balance.

4. EXPERIMENTAL POISTS AND DERIVED PARAMETERS

The data reported here are representative and Illustrate typical results obtained from
a2 much larger amouant of work [2). A single expieriment consisted of operating the rig at a
given condition long enough for gas samples to be obtained fror asth of the five plapss
downstreanm of Lhe recirculation gone. PFor each such experiment,. fuel and afir-mass flows

vere determined, as also inlst temperatures and pressures, humidity, extarnal wall tempera~-
tures, static and totsl pressures.

To establish the correlaticn parameters, 17 sxperiments were nade.
“below {Table IV). In addition-t> these tests, a furthsr 1B experiments were performe” at
various conditisns. A major objective of the theais {2], from vhich this work i3 ¢ . .ed,

vas to investigate the cffects of steam injection upon premixed combustion. Mzny; but mot

all, of rhese later [18) experiments concerned steam addition, and the model- was used to
make predictioa§¢

These are cabulsted

Figure "2 gives-an exanple of a.weak mixture test (expt. No. 1) which wag dsed to estab-
1lish the-patan;:ers of“Table ‘I11I. The scatter of the model prediction linmes is due to the
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averaging of values taken from all thes experiments Ne=. 1-17,
tesulis for a rich mixture {(expt. No. 15).

Figur

-

3 iliusitrates the
The remaining daca exhibited similar scatter.

Table IV
Conditions of Experimenzs Used for Obtaining Calibration Parameters#
B, Og Pal @ B 13
Exp. No. [} kg/s kg/s kPal K Exp. Ho. [} kgls kgl/s 4
1 0,697 § 0,218 1 9,73x10°1 1637 312 i¢ 0,967 | 0,274 § 1,76x10"% 298
2 0,705 ) 0,284 ] 1,28x10"2 | 103} 311 11 0,979} 0,269 1,67x10-2 311
3 0,839 10,203} :.57210-2 | 183§ 313 12 1,016 | 0,180 ] 1,14x10-2 309
4 0,852] 0,177 9,68510-2 1 103 311 13 1,102 0,238 1,63x10-2 306
5 0,852)] 0,229 ] 1,24x10-2 | 103 | 305 14 1,077} 0,175} 1.23x10-2 310
6 0,877} 0,271} 3,51x10~2 | 103 | 293 15 1,205} 0,181} 1,39x10~2 309
7 0,890 ] 0,237} 1,26x10-2 | 102 ] 306 16 1,236 {0,216 | 1,70x10"2 311
8 0,919} 0,292 1,71:10'2 133§ 305 17 1,317} 0,178 .1.,49:1:}.0"2 310
9 0,934 1 0,178 | 1,66x10-2 | 102} 305
*Full decails of these tests are given inm [2].
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Fig. 2: Data Used to Establisk Corrsalatiom C o L

Patzmaters at # = 5,70 Fig. 3: Dats Tsed to Establish Correlation
Parsmeters at ¥ = 1,2}

Fron Figs. 2 and 3 it will be seen that for the major constituents (COz, H30, 03) of
the analysis the agreement batween the modesl 2=nd the gxperiméntal poinrs is quite good.
Addicionally, the final point of the integration of the model (for each of the major coms-
tituents) lies close to the equilibrium value. The ainor constituenrz (CO, Hp, C3Hp) are
perhaps not quite so satisfactory but are still considered to be acceptable.

In addition to composition, the model alsc predicts the temperature at any plane and
for three conditions {Expts. Wos. 1, 12 & 15), Fig. 4 gives a compsrison between experimental
results and computed temperatures from the gas analysis, The model follows very closely the
experimental values and comes close to the equilibrium temperature at the iinal poiat of
integration {Maxivum difference iz abour 40 K considering all Expts. No. 1-17) showed similar
behaviour to Figs. 2-4,

At this point it vas considered that 21l ‘he parameters of the model had besn establish-
ed and that it was ready fdér applicztien

==%h:

5. HODEL PREDICTIORS =

Prior to the steam investigation experiments were made, using air, to test the efficacy
of prediction. 4 typical set of preédictions and mezsured values Is illustzated in Figs. 5
& 6. 1In géneral the agree@ent 1s good and similar remarks apply as given in Para. 4.
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A more severe test of the modzl was obtainad by testing i: outside of the range of

coenditions for which it was derived.

steam.
in Figs. 7 & 8.
were optrated at a nominal value of # = 0,90.
were obtained respeccively for the "with stean™ and "withont stesz”

¥rg. 7 Compirizes sf Dnpert amt EEel Freli

This waz achieved by injecting steam at as upstress
sosition such that the gasel entering the combustor were fully premixed alr, propsae and
Predictions vere thern made and these are compared with the experimental results

4lso, for cemparison, are the resuits of & test which used
Actuzlly, values of ¥ = 0,91

for Yrats Wik e Witkws: fress Toiprtitn

air.,
and 8 = O,

Both tests
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tests. The guantity of
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Ir will be- seen thet (Fig. 7) the cosponent predictions are acceptably good both for
the propanefair and propane/sir/steam. The differences betveen the two fests are also
.predicted quite quantitatively. Because the unburned conponents are quite small, the
effects are not so obvious-in"térms of Tésperature (Fig. 8). In this latrer case the
measured temperatursas, although in ‘Teasonable agreement with the =odel predictions, do not
illustrate the differences suggeste& by the predictions.

These results (plus those of the 15 remaining tests} confirm the wvalidity of the model
within this geometry. The effects of steas on combustion, both from the viewpoint of com-
bustion analysis and model predictionfanalysis will be presented elsewhere. Suffice to say
that the prediction sgcatter is very similar to that illustrated here.

6. GERERAL DISCUSSION OF THE MODEL

The present model represents a comprozise between the simple one-step “"global' reaction
model and the complex multi-equation kinetic schemes., It predicts all the stable substances
found in hydrocarbon/air mixtures with the exceprion of NOy. This latter say be estimated
independently by one or more of the empirical methods suggested earlier {3 or 4] or by other
published techniques. The accuracy of prediction within the limits of the experimental
condirions investigated is very satisfactory, both in terms of cospoments and ramparature.

Because of its relative simpliciry, the compputing time is small {in comparison with
many kinetic schemes) and it offers potential for combining with a suitable nixing model.

There is a dizadvantage in the requiremsnt of & separate series of reaction parameters
for rich and weak mixtures, but this has been found to be necessary for many other correla-
tions, both of the simple and complex types.

Like most other correlation formulae, the validity is alvays in soze doubt due to the
limired experizmental data. In particularn it weuld be nice fo test the data atr prasgsures and
inler tesperatures other than atsospheric. Unfortunately this is nor possible with the
existing test facilities.

An attractive possibility would be o attempr to apply the model to predict the perforam-
ance of 2 pre-zixed, pre-vaporised gas turbine combustor. Unfortunately, to date, the
poblished infor=ation has been ipsufficizpt o epable predictioms to be =ade.

Bas-iet combustors algo offer attractive possibilities for thisz type of model since
there is peither film-cooling or dilution problems, The semi-prevaporisacion/pre=ix of a
rap-jet =ay make the model direcrly applicable. In the present work the results have been
presented in terms of a distance fupctioe, X, but it may well be more satisfactory to
express the results in termg of residence tises.

7. COBECLESIOES

1. A three-step model has been proposed to desgeribe the fombustion with a felly premixed
profanefair systen, Some 510 different experimental restlts were used to define the
=pdeli.

2. After the above derivation, the =model was used to predict z further 540 experimentsl
points comprising propane burning in air or air + stean, The predictions are in seasi~
bie agreement with the experimental values even though those conditionz kaving stean
addirion ares ocurtside the fraze of rhe model czliibratioa.

3. The =odel is capable of predicting C0:, HzO, {0, Hz, C3Hp, Oz, Kz and Ar.

4. There is porential application for the model both in the field of ras=—-jets and the gas
turbine.
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DISCUSSION

R.Monti

1 wonder if the very large variation of the “constants” A;, E;, with temperstures up to 34 order of magnitude for
A;, does not make your mode! questionable.

Auihor’s Reply

1do not think the model is questionable within its constrainis. Variations of E, A and n have been noted by various
workers other than ourselves. An example is cited in the text {Ref.12). I believe that it might stem from
representing a multitud. -« f reactions by a single “global” reaction. The onsequation model{Refll16)also has a
variable E and 3, but this equation has had a very widespread application 1o a large number of experimental condi-
tions and typ2s of combustion equipment. Also, [ believe that Essenhigh sccepis this concept. For this resson, Ido
niot think that the model is questionable from this viewpoint. It is certainly an empirical model with pseudo-
constants, but that does not necessarily make it unrelizble as 2 fool.

J.Winter

What do you anticipate will be the effect of inlet 1emperature and pressure on the “constanis™ derived for the
model?

Author’s Reply

it is difficult to answer this question without the experimenial data, However, if | had to make a prognosticstion of
the effects of inlet temperature and pressure, I would utilize the comections suzgested for our earlier onesiep
equation. These may be found in References 16 and 20. The basks for this thought would be the similarities of the
form of the present equations ic the olderone. I would again stress that it i only a sugzestion and experimental
confirmation would be required 1o give a measure of confidence,
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